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SHOCK- INDUCED  DAMAGE  AND  RADIATION  OF  SEISMIC 
ENERGY  FROM  CONFINED  EXPLOSIONS 

Thomas  J.  Ahrens  and  William  W.  Anderson 

Seismological  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91125 

Contract  No.  F49620-92-J-0402 

OBJECTIVE 

For  media  ranging  from  nonporous  granite  to  25%  porous 
limestone,  ~60%  to  98%  of  the  energy  released  by  a  confined 
underground  explosion  is  deposited  near  the  source  and  not 
radiated  as  far-field  seismic  energy.  The  decay  of  the 
anelastic  stress  wave  controls  the  radiated  seismic  energy  which 
can  be  detected  by  regional  and  global  seismic  arrays.  Our 
recent  stress  wave  calculations  employing  compression  and 
release  data  yield  the  energy  deposition  and  resultant  stress 
wave  decay  rates  and  demonstrate  that  the  peak  stress,  P,  is  a 
function  of  radius,  r,  given  by  P  -  r“*  where  a  varies  from  1.4 
to  2.3  in  going  from  granite  to  porous  limestone.  Even 
considering  hysteresis  in  the  shock-release  path,  wavecode 
models  of  actual  explosions  do  not  accurately  account  for  the 
reduced  displacement  potentials  observed  in  the  elastic  shock 
regime  unless  the  medium  in  which  the  explosion  occurs  is 
assumed  to  have  been  significantly  weakened  by  the  shock  wave 
from  the  source.  Damage  produced  in  the  rock  by  passage  of 
the  shock  wave  accounts  for  this  effect.  The  present  effort 
is  directed  at  understanding  the  mechanisms  of  shock-induced 
weakening  in  different  types  of  rock  and  obtaining  quantitative 
models  of  the  amount  of  weakening  produced  by  varying  shock 
stresses . 

RESEARCH  ACCOMPLISHED 

The  phenomenon  of  shock  induced  weakening  and  resultant 
shock  wave  decay  is  being  studied  by  quantifying  the  damage 
beneath  craters  in  rocks  which  have  been  subjected  to  a 
quasi -spherically  diverging  and  decaying  stress  wave  in  the 
laboratory.  Experiments  with  San  Marcos  gabbro  and  Bedford 
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limes ton*  have  been  performed  in  which  these  rocks  have  been 
subjected  to  decaying  congressional  and  tensional  stress  waves 
in  the  10  to  1000  MPa  stress  range. 

The  dasMge  in  the  rocks  was  quantified  by  sectioning  the 
rock  and  measuring  the  P-wave  velocity  deficits  and  visible 
crack  densities  as  a  function  of  distance  from  the  crater.  The 
P-wave  velocity  deficits  give  a  direct  measure  of  the  reduction 
in  the  strength  of  the  rock  (which  we  measured  separately  and 
correlated  with  the  theory  of  Ashby  and  Sammis  [1990]) .  figures 
1  and  2  show  contours  of  mean  P-wave  velocity  (taken  as  the 
algebraic  mean  of  the  velocities  measured  in  3  orthogonal 
directions)  in  cross-sections  through  the  center  of  the  crater. 
In  both  samples,  the  contours  are  roughly  concentric  about  a 
spheroid  cen+  'red  on  the  effective  depth  of  burst  (usually  near 
the  crater  floor) ,  except  at  low  stresses  where  preexisting 
variability  in  the  rock  is  still  detectable  and  near  free 
surfaces  where  reflection  of  rarefaction  waves  complicates  the 
stress  history. 

In  Bedford  limestone,  the  P-wave  velocity  of  undamaged 
rock  is  3.9  km/ s,  while  velocities  in  shocked  rock  vary  from 
-1.6  km/ s  for  a  shock  stress  of  900  MPa  to  -3.9  km/s  for  a 
shock  stress  of  200  MPa.  The  velocity  deficit  corresponds  to 
the  damage  parameter,  O,  defined  by 

D  -  1  -  (Vp/Vpo) 2  (1) 


where  Vp  is  the  P-wave  velocity  of  the  shocked  rock  and  Vpo  is 
the  P-wave  velocity  of  the  undamaged  rock.  D  can  to  first  order 
be  taken  as  the  fractional  reduction  in  the  effective  elastic 
moduli  of  the  medium.  The  observed  velocity  deficits  in  the 
limestone  correspond  to  values  of  D  ranging  from  -0  for  a 
200  MPa  shock  stress  to  -.83  for  a  shock  stress  of  900  MPa.  In 
gabbro,  the  undamaged  rock  P-wave  velocity  is  6.4  km/s,  while 
shocked  rock  shows  mean  velocities  ranging  from  -4.0  km/s  (D  - 
.61)  to  -6.4  km/s  (D  -  0)  for  shock  stresses  ranging  from 
-6.4  GPa  to  -1.4  GPa.  In  both  rock  types,  decay  of  the 
"elastic"  wave  is  considerably  faster  than  would  be  expected 
from  geometrical  considerations  alone. 


CONCLUSIONS  AND  RECOMMENDATIONS 
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Figure  1.  Contours  of  average  P-wave  velocity  in  cratered 
Bedford  limestone.  The  velocities  are  given  in  km/s. 
Because  the  impact  geometry  was  axi symmetric,  only  one 
half  of  the  sample  cross  section  through  the  center  of  the 
crater  is  shown. 


Figure  2 .  Contours  of  average  P-wave  velocity  in  cratered 
San  Marcos  gabbro.  Units  and  comments  for  Figure  1  apply 
to  this  figure. 
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The  observed  decay  of  tha  quasi -elastic  shock  in  tha 
prasant  study,  as  wall  as  obsarvations  from  othar  studias  on 
confinad  laboratory-scala  explosions  in  rock,  shows  tha 
import anca  of  shock- inducad  weakening  in  robbing  tha  advancing 
shock  front  of  anargy.  Simpla  considaration  of  consaquancas 
of  tha  waakaning  procass  shows  that  tha  strass  wava  is 
waakanad  both  by  doing  work  to  damaga  tha  rock  and  by  baing 
di spar sad  as  tha  alastic  moduli  of  tha  rock  changa  (with 
attandant  changa  in  tha  trailing  adga  of  tha  strass  pulsa) . 

Tha  data  obtainad  thus  far  suggast  that,  for  tha  isotropic  to 
waakly  anisotropic  rocks  studiad,  tha  raduction  in  tha 
affactiva  alastic  moduli  is  approximataly  described  by 

D  ~  P3  (2) 

whara  P  is  tha  amplituda  of  tha  strass  wava. 

Tha  prasant  rasults  ara  confinad  to  tha  praviously  sparsaly 
studiad  finita  amplituda  analastic  ragima  which  is  treated  by 
most  studias  as  alastic  or  nearly  alastic  because  the 
anelasticity  is  a  result  of  mechanical  failure  and  fracture 
formation  rather  than  plastic  yielding  and  has  thus  far  bean 
difficult  to  treat  quantitatively  in  wavacoda  calculations. 

Prasant  efforts  ara  baing  directed  toward  studying  these  affects 
in  praviously  unstudied  rock  types,  e.g.,  sedimentary  rocks  such 
as  shale  and  sandstone  and  highly  anisotropic  rocks  such  as 
shale  and  slate,  as  wall  as  conducting  measurements  of  Q-1  in 
shock-damaged  rocks  by  directly  measuring  attantuation  of 
alastic  waves  in  tha  damaged  rocks. 
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Objective 


The  objective  of  this  study  is  to  discriminate  the  explosions  and  earthquakes  a: 
regional  distance  by  using  the  coda  wave  method.  In  an  earlier  study,  Su  and  Aki  (1991 ) 
found  a  significant  difference  in  coda  attenuation,  Qc*1,  for  quarry  blasts  and  earthquakes 
for  lower  frequencies  of  1.5  and  3  Hz  for  lapse  time  less  than  30  seconds  (see  Fig.  1),  and 
they  suggested  that  such  a  significant  difference  in  Qc'1  may  be  attributed  to  the  seismic 
surface  wave's  contributions.  To  interpret  the  observed  seismic  coda  waves  we  need  to 
consider  the  seismic  surface  wave  scattering  processes.  Wu  (1985)  and  Zeng  et  al.  (1991, 
1993)  have  shown  that  the  energy  transfer  theory  can  successfully  describe  the  seismic 
body  waves  scattering  processes  in  a  random  scattering  and  absorption  full-space  medium. 
In  this  report,  we  shall  first  develop  the  energy  transfer  theory  for  surface  wave  and  body 
wave  to  study  their  scattering  and  coupling  processes.  Then,  using  this  theory  we  shall 
explain  the  discrimination  of  quarry  blasts  and  earthquakes  at  local  distance  (about  30  to  40 
km)  observed  by  Su  and  Aki  (1991).  By  fitting  our  synthetic  coda  attenuation  curves  with 
the  observed  data,  we  will  obtain  the  scattering  and  coupling  coefficients.  Finally,  with  the 
derived  scattering  and  coupling  coefficients,  we  shall  simulate  the  surface  wave  and  body 
wave's  energy  transfer  processes  at  regional  distance,  and  investigate  the  possibility  of 
discrimination  of  explosions  and  earthquakes  at  regional  distance  by  using  the  coda  Q1 
method. 


Research  accomplished 

1.  Energy  transfer  theory  for  S  and  Rayleigh  waves’  scattering  processes 
In  the  last  report,  we  have  considered  only  the  scattering  processes  of  surface 
waves,  and  neglected  the  body  waves’  conversions.  In  this  report  we  shall  consider  the 
coupling  effect  of  body  waves  with  surface  waves.  For  simplicity,  we  consider  only  the 
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coupling  process  between  the  S  wave  and  Rayleigh  wave.  The  energy  transfer  equation 
described  such  an  coupled  scattering  process  can  be  written  as  follows. 


Er(x,g>)  =  GR(x,xs)e-T'*,rr*le5(x  ,o>) 

+  j  GR(x,x')e'1i*lr'r  1  {  qRRER(x',co)  +  q|REs(x',<D)}dV(x) 

Es(x,g>)  =  Gs(x,xf)e^S|r-r.,eS(x.co) 

+  j  Gs(x,x)e  Tis,*-*,{il?sEVfo))  +  qfEs(x‘,a))}dV(x) . 


(la) 


(lb) 


Where, 


Es(x,fo):  seismic  energy  carried  by  S  wave  per  unit  volume  at  x; 
qR  :  total  attenuation  coefficient  for  Rayleigh  wave,  qR  =  qf  +  qRR  +qf  R; 
q£R:  Rayleigh  to  Rayleigh  waves  scattering  coefficient; 
qfR  ;  S  to  Rayleigh  waves  scattering  coefficient; 
tis  :  total  attenuation  coefficient  for  S  wave,  qs  =  qf  +  qP  +qfs; 
qf  :  absorption  coefficient  for  S  wave; 
qP  :  Rayleigh  to  S  waves  scattering  coefficient; 
qf s  :  S  to  S  waves  scattering  coefficient; 

Eo(x„Q}):  total  S  wave  energy  rate  radiated  from  source  divided  by  the  velocity  of  S 
wave; 

Gs(x,x  );  the  geometrical  spreading  function  for  S  wave. 


As  shown  in  the  last  report  that  the  above  equations  can  be  solved  by  using  Fourier 
transform  method.  Solving  these  coupled  equations,  we  can  obtain  the  solution  of  energy 
transfer  processes  of  S  and  Rayleigh  waves.  The  time-history  of  total  scattering  energy  can 
be  determined  by  introducing  proper  time-delay  phase  factors  to  these  coupled  equations. 


2.  Application  to  the  Discrimination  of  Earthquakes  and  Quarry  Blasts  at 
Local  Distance 


In  an  earlier  study,  Su  and  Aki  (1991)  found  a  significant  difference  in  coda  atten¬ 
uation,  Qc~l,  for  quarry  blasts  and  earthquakes  for  lower  frequency  of  1.5Hz  and  3.0Hz 

for  lapse  time  less  than  30  seconds  as  shown  in  Figure  1.  As  we  have  shown  in  the  last 
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report  that  this  discrimination  can  be  qualitatively  interpreted  by  our  energy  transfer  theory 
of  S  and  Rayleigh  waves  (Chen  and  Aki,  1993).  In  this  study  we  shall  quantitatively  inter¬ 
pret  the  Su  and  Aki's  observation,  and  determine  the  corresponding  attenuation  coefficients 
and  the  coupling  coefficients  by  fitting  our  synthetic  attenuation  curves  with  the  observed 
ones.  We  here  consider  only  the  S  wave  coda  attenuation,  Qe-1,  that  mainly  includes  the  S 

to  S  waves  scattering  as  well  as  Rayleigh  to  S  waves  scattering.  For  simplicity,  we  neglect 
the  S  to  Rayleigh  conversions,  thus  the  only  coupling  coefficient  needs  to  be  determined  is 
T)“.  As  reported  in  the  last  report  that  the  discrimination  between  the  earthquakes  and 

quarry  blasts  can  be  attributed  to  the  contributions  of  Rayleigh  wave,  namely,  the  m*  re 
of  coda  attenuation  of  the  quarry  blasts  contains  significant  Rayleigh  wave's  convt 
because  of  the  shallow  focal  depth  (about  0  km),  while  the  coda  attenuation  of  the  earth¬ 
quakes  contains  little  Rayleigh  waves  conversions  because  of  the  deeper  focal  depth  (about 
5  km).  Based  on  this  results  we  shall,  first,  determine  the  S  wave’s  intrinsic  and  scattering 
coefficients,  i.e.,  if  and  iff,  by  matching  our  synthetic  S  wave’s  attenuation  with  the 

observed  earthquake's  coda  attenuation,  Qe"\  At  this  stage,  we  let  rj“= 0.  Having  the 
coefficients  of  Tf  and  rjf  ,  we  then  can  determine  the  coefficients  of  t/“,  tj"  and  ij*  by 
fitting  our  synthetic  attenuation  curves  with  the  observed  quarry  blasts  coda  attenuation, 

Qe~‘. 

After  more  than  20  trials,  we  found  the  attenuation  coefficients  for  the  best 
matching  with  the  observed  data  are  given  in  Table  1.  And  the  corresponding  coda  atten¬ 
uation  curves  are  shown  in  Figure  2.  These  attenuation  curves  are  calculated  using  the 
same  method  as  described  in  Su  and  Aki’s  study  (1991)  from  our  theoretical  scattered  S 
wave  energy  envelope.  Our  results  indicate  that  the  coupled  scattering  coefficients,  rj", 

which  describes  the  scattering  conversion  from  Rayleigh  wave  to  S  wave,  are  strongly 
depends  on  frequency  in  the  following  way:  for  frequency  lower  than  3Hz,  =0.005 
(km)*1;  while  for  frequency  greater  than  6Hz  TJ,"  <0.00005  km*1.  Therefore,  there  may 
exist  a  critical  frequency  between  3Hz  and  6Hz  beyond  which  the  Rayleigh  wave 
conversions  are  negligible,  while  below  which  the  Rayleigh  wave  conversions  to  S  wave 
are  significant 

3.Discussion  on  the  discrimination  of  earthquakes  and  explosions  at 
regional  distance 

Having  the  theoretical  studies  on  the  discrimination  of  earthquakes  and  quarry 
blasts  at  local  distance,  we  can  discuss  the  possibility  of  the  discrimination  of  earthquakes 
and  explosions  at  regional  distance  using  the  method  of  coda  attenuation,  Qe”‘ .  In  the 
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following  discussion  we  assume  that  the  intrinsic  and  scattering  attenuation  coefficients  of 
S  and  Rayleigh  waves,  and  the  coupled  scattering  coefficients  obtained  in  the  above  study 
is  still  valid  for  the  events  at  regional  distance.  Using  those  derived  coefficients  we  calcu¬ 
lated  the  synthetic  coda  attenuation  curves  for  earthquakes  and  explosions  at  regional 
distances  as  shown  in  Figure  3.  Here,  we  assume  the  hypocenter  is  600  km,  and  the  focal 
depth  is  10  km  for  earthquakes  and  0.01  km  for  explosions.  As  shown  in  Figure  3,  our 
theoretical  simulations  show  that  the  Rayleigh  wave  conversion  to  scattered  S  wave  at 
regional  distance  is  much  more  significant  than  that  at  local  distance,  because  the  Rayleigh 
wave  has  a  weaker  geometrical  spreading  factor  that  S  wave.  For  lower  frequency  (e.g., 
f=3Hz  or  1.5Hz),  the  synthetic  result  predicts  a  strong  increase  in  coda  attenuation  that 
starts  just  after  the  Rayleigh  wave's  arrival  and  last  about  SO  seconds.  For  higher 
frequency  (e.g.,  f*6Hz  or  12Hz),  a  similar  increase  is  also  predicted  by  our  synthetic 
result,  although  it  is  not  as  strong  as  the  one  for  lower  frequencies.  It  should  be  pointed 
out  that  this  increase  amount  in  the  coda  attenuation  for  lower  frequency  is  an  upper-limit, 
the  actual  predicted  increase  in  coda  attenuation  should  be  in  the  range  between  nothing  and 
this  amount,  because  the  value  of  coupled  scattering  coefficient  77”  is  given  in  the  range  of 

0  to  0.00005  km-1.  Our  preliminary  study  on  the  data  of  Chinese  Digital  Seismic  Network 
shows  a  similar  result  for  high  frequency  case  as  predicted  (we  shall  report  this  result 
later),  therefore  the  coda  attenuation  method  is  a  promising  method,  at  least  for  high 
frequency  cases,  to  discriminate  the  earthquakes  and  explosions  at  regional  distance. 

Summary 

To  date,  we  have  developed  the  energy  transfer  theory  for  Rayleigh  and  S  wave’s 
propagation  in  a  random  scattering  and  attenuation  medium,  and  successfully  applied  it  to 
interpret  the  Su  and  Aid's  observed  discrimination  of  earthquakes  and  the  quarry  blasts  at 
local  distance  (1991).  Our  study  indicates  that  the  Rayleigh  waves’  scatterings  become 
important  for  the  events  with  shallower  focal  depth,  for  instance,  the  quarry  blasts  and 
nuclear  explosions.  By  fitting  our  theoretical  attenuation  curves  with  the  observed  ones  by 
Su  and  Aki  (1991)  at  local  distance,  we  have  obtained  the  S  and  Rayleigh  waves'  intrinsic 
and  scattering  coefficients,  and  the  coupled  scattering  coefficient  of  Rayleigh  with  S  waves. 
By  assuming  these  coefficients  are  still  valid  for  the  events  at  regional  distance,  we  have 
discussed  the  problem  of  discrimination  between  the  earthquakes  and  explosions  at  regional 
distance.  Our  theoretical  study  shows  that  the  Rayleigh  wave's  contributions  become  more 
significant  for  shallower  events  (e.g.,  explosions),  while  for  deeper  events  (e.g.,  earth¬ 
quakes)  the  Rayleigh  wave's  contributions  are  still  negligible.  According  to  our  theoretical 
study  and  the  preliminary  study  on  the  data  of  CDSN,  the  discrimination  of  earthquakes 
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and  explosions  at  regional  distance  is  possible  by  using  the  coda  attenuation  method,  if  the 
corresponding  coda  attenuation  can  be  measured  from  the  actual  seismic  data. 


References 

Aki,  K.  and  P.  G.  Richards  (1980).  Quantitative  Seismology:  Theory  and  Methods,  W. 

H.  Freeman,  San  Francisco. 

Su,  F. ,  K.  Aki,  and  N.  N.  Biswas  (1991).  Discriminating  quarry  blasts  from  earthquakes 
using  coda  waves.  Bull.  Seism.  Soc.  Am.,  81,  161-178. 

Wu,  R.  S.  (1985).  Multiple  scattering  and  energy  transfer  of  seismic  waves— seperation  of 
scattering  effect  from  intrinsic  attenuation,  I.  Theoretical  modeling,  Geophys.  J.  R. 
Astr.  Soc.,  82,  57-80. 

Zeng,  Y.  H.,  F.  Su,  and  K.  Aki  (1991).  Scattering  wave  energy  propagation  in  a  random 
isotropic  scattering  medium,  1.  Theory,  J.  Geophys.  Res.,  96,  607-620. 


Table  1 .  Inverted  intrinsic,  scattering 
&  coupling  coefficients 


frequency 

(Hz) 

(km-1) 

-  i 

*7, 

(km-1) 

HI 

B 

1.5 

0.01 

0.017 

0.07 

0.05 

0.005 

3.0 

0.02 

0.007 

0.07 

0.05 

0.005 

6.0 

0.025 

0.01 

0.07 

0.05 

.00005 

12.0 

0.028 

0.012 

0.07 

0.05 

.00005 
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LAPSE  TIME 


Figure  1.  Coda  Q*1  vs.  lapse  time  obtained  using  the  local  earthquakes  and 
quarry  blasts  in  the  south  central  Mojave  Desert  area,  each  open  circle  on  the  plot 
represents  one  measurement  for  a  particular  seismogram  on  a  time  window  of  34  sec 
for  frequency  1.5  Hz,  25Hz  for  3  Hz,  and  20sec  for  6Hz  and  12Hz.  The  solid  line 
connects  the  mean  points  (solid  circles)  calculated  by  averaging  the  individual 
measurements  in  each  8  sec  time  interval  with  4  sec  overlapping  at  the  adjacent  mean 
points.  The  standard  error  of  the  mean  is  also  shown  for  each  mean  point  (from  Su 
and  Aid,  1991). 
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Figure  2.  The  synthetic  coda  attenuation  curves  obtained  by  solving 
the  energy  transfer  equations  of  S  and  Rayleigh  waves,  i.e.,  equations  (la) 
and  (lb).  The  results  correspond  to  the  best  fitting  coefficients  listed  in 
Table  1. 
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Figure  3  The  synthetic  coda  attenuation  curves  for  the  events  at 
regional  distance.  These  results  are  calculated  by  assuming  the  derivwl 
various  attenuation  coefficients  and  coupling  coefficients  are  sail  valid  in 
this  case. 
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Objective 

The  principal  objective  of  this  study  is  to  develop  regional  discriminants 
such  as  Lg/Pn,  Lg/Pg,  Ms  (or  moment)  vs  mb,  and  Rg  for  Iran.  Related 
objectives  are  to  obtain  improved  event  locations  using  well-constrained  or 
known  reference  evnts;  to  develop  signal  processing  approaches  appropriate  for 
near-real -time  automated  event  identification;  and  to  derive  empirical  Green's 
functions  that  can  be  used  to  simulate  signals  from  underground  nuclear 
explosions  in  Iran. 


Research  Accomplished 


The  early  phases  of  the  investigation  have  been  devoted  to  determining  the 
number  of  Iranian  events  that  are  well-recorded  at  the  in-country  SRO 
station  MAIO  and  the  ILPA  array  and  analyzing  an  initial  subset  of  events. 
Several  hundred  regional  events  were  recorded  during  the  intervals  of 
operation  of  these  stations  and  a  significant  number  were  large  enough  to  be 
recorded  at  two  or  more  regional  stations  outside  Iran  (e.g.  ANTO  (Turkey)  and 
KAAO  (Afghanistan) )  allowing  improved  epicentral  locations  to  be  determined. 
We  have  obtained  maps  showing  the  location  of  various  types  of  mining  activity 
and  the  distribution  of  past  seismicity  throughout  Iran;  locations  of  events 
with  respect  to  mining  areas  and  tectonically  active  areas  help  in  the 
identification  of  regional  events.  Using  recordings  of  multiple  events 
spanning  regional  distances  ranging  from  less  than  100  km  to  about  1000  km  the 
dependence  of  various  discriminants  on  propagation  distance  and  path  in  Iran 
can  be  determined.  Transformation  of  the  signals  into  frequency  vs  velocity 
or  frequency  vs  slowness  seismic  images  facilitates  the  comparison  of  events 
at  different  distances  and  allows  pattern  recognition  or  trained  neural 
network  approaches  to  be  used  for  discrimination,  in  addition  to  the 
relative  excitation  of  selected  regional  phases. 


Regional  phases  Pn,  Lg,  and  Rg  from  a  number  of  Iranian  events  recorded 
digitally  at  Mashhed  (MAIO)  have  been  examined  thus  far.  One  data  set  (Table 
1)  consists  of  13  events  at  epicentral  distances  varying  from  about  90  to 
280  km.  These  events  show  a  significant  variation  in  the  relative 
excitation  of  regional  phases.  Three  of  these  events  have  explosion-like 
characteristics,  based  on  experience  with  regional  discriminants  in  other 
source  regions,  and  they  are  located  in  areas  of  known  mining  activity. 
Seventeen  known  aftershocks  of  a  Ms  7.4  Iranian  earthquake  all  exhibit 
generally  similar  relative  excitation  of  regional  phases.  Spectral 
characteristics  of  the  observed  regional  phases  Pn,  Lg,  and  Rg  are 
determined  by  bandpass  filtering,  spectral  ratios,  and  waveform  modeling,  as 
well  as  frequency  vs  velocity  seismic  images.  Presented  below  are  selected 
illustrative  examples  from  the  events  listed  in  Table  1;  the  event  locations 
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are  shown  in  Figure 


1 . 


Table  1. 


List  of  13  Events  Within  2.5  Degrees  of  Mashed,  Iran  (MAIO) 


No. 

DATE  i 

ORIGIN  TIME 

LAT 

LON 

DEPTH* 

Mb** 

DIST 

AZ 

<UT) 

(deg) 

(deg) 

(km) 

(deg) 

(deg) 

1 

07/16/76 

13:43:16.7 

37.510 

59.004 

53.0 

-1.00 

1.270 

161.8 

2 

11/07/76 

04:00:50.3 

33.864 

59.233 

5.6 

5.60 

2.440 

5.0 

3 

11/07/76 

07:59:54.3 

33.863 

59.215 

0.0 

-1.00 

2.442 

5.3 

4 

02/23/77 

05:11:49.8 

35.604 

58.198 

33.0 

-1.00 

1.261 

56.2 

5 

03/19/77 

03:29:05.5 

33.819 

59.360 

3.2 

-1.00 

2.478 

2.5 

6 

03/25/77 

01:38:38.0 

35.779 

56.648 

33.0 

-1.00 

2.365 

76.5 

7 

03/25/77 

17:44:21.9 

37.237 

59.083 

35.6 

-1.00 

0.992 

160.4 

8 

05/21/77 

14:00:52.5 

37.252 

56.656 

33.0 

-1.00 

2.469 

111.8 

9 

06/04/77 

21:28:12.5 

35.527 

58.115 

33.0 

-1.00 

1.360 

55.0 

10 

07/28/77 

03:20:38.6 

35.263 

57.641 

33.0 

-1.00 

1.828 

55.0 

11 

11/10/77 

13:52:33.1 

34.108 

59.444 

6.2 

4.60 

2.187 

1.1 

12 

12/16/77 

17:55:14.7 

37.026 

59.879 

33.0 

-1.00 

0.788 

203.2 

13 

03/20/78 

23:25:23.3 

37.318 

57.804 

33.0 

4.10 

1.695 

126.3 

* 

** 


Depth  of  33.0  km  is  arbitrarily  assigned  when  depth  is  not  determined. 
Magnitudes  listed  as  -1  are  undetermined. 


Figure  2  shows  raw  and  bandpass-filtered  seismograms  of  two  events  (4  and 
9  in  Table  1)  which  are  inferred  to  be  mining  blasts.  They  are  located  in 
an  area  of  mining  activity  and  relatively  low  seismicity  (Figure  1),  have 
small  Lg/P  ratios  at  high  frequencies,  and  have  prominent  Rg  indicating 
shallow  focal  depth.  Figure  2  also  shows  the  frequency  vs  velocity  images  (un¬ 
normalized  and  normalized  frequency  by  frequency)  for  these  two  events. 

These  images  exhibit  low  Lg/P  excitation  at  the  higher  frequencies  and  the 
second  event  also  show3  evidence  of  frequency  modulation  indicative  of 
ripple  firing. 


Figure  3  shows  raw  and  bandpass-filtered  seismograms  for  two  events  (1  and 
13  in  Table  1),  which  are  inferred  to  be  earthquakes,  because  they  are  located 
in  an  area  of  no  mining  activity  (Figure  1)  and  have  large  Lg/P  excitation 
at  all  frequencies  relative  to  those  in  Figure  2.  Also  the  magnitude  of  event 
13  (mb  =4.1)  is  probably  too  large  to  be  a  mining  blast.  Figure  3  also 
shows  the  corresponding  frequency  vs  velocity  images  for  these  two  events. 


Figure  4  shows  raw  and  bandpass-filtered  seismograms  for  event  10  which  is 
located  in  a  region  of  mining  activity  (Figure  1)  and  may  be  an  explosion. 
This  event  has  a  high-frequency  Lg/P  ratio  of  about  one,  which  is  somewhat 
larger  than  is  typical  for  explosions,  but  the  P-wave  spectrum  of  this  event 
shows  evidence  of  scalloping  (Figure  4b)  indicative  of  a  ripple-fired 
explosion. 


Figure  5  shows  synthetic  signals  for  (a)  a  CLVD  source  simulating  a 
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shallow  explosion  and  <b)  a  thrust  earthquake  at  a  depth  of  10  km.  The 
distance  is  145  km  and  the  Iranian  crustal  structure  model  II  determined  by 
Berberian  (GIRAS,  68,  1982,  p504)  is  used  for  these  calculations.  Note  the 
general  resemblance  of  the  CLVD  explosion  synthetics  in  Figure  5a  to  the 
actual  observed  signals  for  events  4  and  9  shown  in  Figure  2  and  the 
resemblance  of  the  earthquake  synthetics  in  Figure  5b  to  the  events  in 
Figure  3  (especially  event  no.  1)  further  supporting  the  conclusion  that 
events  4  and  9  are  explosions  and  events  1  and  13  are  earthquakes. 


Work  in  progress  includes  a  continuing  effort  to  develop  a  ground-truth 
data  base  of  known  earthquakes  and  known  (or  simulated)  explosions,  based  on 
available  publications,  satellite  images  and  other  information,  sufficient 
to  obtain  reliable  regional  discriminants;  analysis  of  numerous  additional 
events  from  different  parts  of  Iran  recorded  at  MAIO  and  ILPA;  generation  of 
synthetic  regional  seismograms  for  earthquake  and  explosion  sources  at 
different  focal  depths  in  crustal  structure  models  for  Iran,  using  existing 
wavenumber  integration  codes;  and  the  application  of  trained  neural  networks 
developed  for  other  source  regions  to  Iranian  events.  Seismograms  from 
closely  clustered  events  will  be  stacked  at  each  observing  station  to  obtain 
an  empirical  Green's  function  for  each  source-receiver  path  and  then  convolved 
with  the  appropriate  nuclear  explosion  source  function  to  simulate  the 
expected  nuclear  explosion  signatures  at  each  receiver. 


Conclusions  and  Recommendations 

Preliminary  results  from  the  analysis  of  Iranian  events  recorded  at  regional 
distances  indicate  that  the  regional  discriminants  similar  to  those  that  are 
effective  for  other  source  regions  can  be  used  for  identification  of  Iranian 
earthquakes  and  explosions.  However,  the  distance  dependence  of  some  of  the 
regional  discriminants  and  magnitude  thresholds  for  their  use  are  likely  to  be 
different  from  other  regions  that  are  less  tectonically  active. 

For  at  least  some  parts  of  Iran  Rg  is  well-recorded  for  shallow  events, 
which  provides  a  very  useful  depth  discriminant.  Additional  work  on  long- 
period  fundamental  mode  surface  wave  excitation  and  propagation  is  needed  to 
determine  the  threshold  above  which  the  Ms  vs  mb  discriminant  can  be  used  to 
identify  Iranian  events. 

Because  earthquakes  and/or  mining  explosions  occur  throughout  most  parts 
of  Iran,  it  should  be  possible  to  develop  empirical  Green's  functions  for 
any  particular  area  of  interest.  This  will  enable  simulations  of  signals  from 
underground  nuclear  explosions  at  any  desired  source  location  to  be 
generated  and  used  to  refine  regional  discriminants. 
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UTILIZATION  OF  NEAR-SOURCE  VIDEO  AND  GROUND  MOTION  Jfc 
IN  THE  ASSESSMENT  OF  SEISMIC  SOURCE  FUNCTIONS  FROM  W 

MINING  EXPLOSIONS 
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OBJECTIVE:  Identification  of  seismic  events  detected  under  a  Comprehensive  Test 
Ban  Treaty  requires  a  clear  physical  understanding  of  the  different  types  of  seismic 
sources  including  mining  explosions,  rock  bursts,  mine  collapse  and  small,  shallow 
earthquakes.  Constraint  of  the  operative  physical  processes  in  the  source  region  and 
linkage  to  the  generation  of  seismic  waveforms  with  particular  emphasis  on  regional 
seismograms  is  needed.  In  order  to  properly  address  the  multi-dimensional  aspect  of 
data  sets  designed  to  constrain  these  sources,  we  are  investigating  a  number  of 
modem  visualization  tools  that  have  only  recently  become  available  with  new,  high¬ 
speed  graphical  computers  that  can  utilize  relatively  large  data  sets.  The  results  of  this 
study  will  provide  a  basis  for  identifying  important  physical  processes  in  the  source 
region  that  contribute  to  regional  seismograms. 


RESEARCH  ACCOMPLISHMENTS:  Mining  explosions  have  been  identified  as  a 
possible  source  of  seismic  signals  that  at  small  magnitude  might  have  to  be 
discriminated  from  a  nuclear  explosion,  possibly  tested  in  a  clandestine  environment. 
Many  mining  explosions  occur  each  year  as  documented  by  Richards  et  al.,  1992. 
The  coupling  as  well  as  the  source  characterization  of  these  events  must  be 
investigated  in  order  to  assess  the  possible  impact  they  might  have  on  a  monitoring 
system.  The  source  characterization  studies  are  directly  linked  to  attempts  to 
discriminate  events  based  upon  the  relative  excitation  of  different  regional  phases  and 
the  spectral  content  of  the  signals.  One  of  the  most  discussed  discriminants  has  been 
spectral  scalloping  of  the  signals  resulting  from  either  the  delay  times  between  the 
individual  charges  in  the  mining  explosion  or  the  total  duration  of  the  shot.  The 
literature  contains  many  studies  that  attribute  this  possible  discriminant  to  one  of  these 
mechanisms  with  no  consensus  on  the  cause  (Baumgardt  and  Ziegler,  1988;  Hedlin  et 
al.,  1989;  Hedlin  et  al.,  1990;  Smith,  1989;  Chapman  et  al.,  1992).  None  of  these 
studies  made  any  direct  observations  of  the  blasts  that  could  confirm  or  deny  the 
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conclusions  of  the  analysis  of  the  regional  data.  In  some  cases,  official  blasting 
records  from  the  mines  were  available  for  comparison  but  as  Stump  et  at.,  1994  point 
out  these  records  sometimes  are  in  disagreement  with  actual  blasting  practices.  In 
addition  to  spectral  differences,  a  number  of  authors  have  investigated  the  generation 
of  regional  P,  S  and  surface  waves  by  mining  explosions  and  have  suggested  the  use 
of  the  relative  excitation  of  these  phases.  Modeling  to  accompany  these  studies  has 
attempted  to  quantify  the  relative  importance  of  the  directly  coupled  energy  from  the 
explosions,  vertical  and  horizontal  spall,  the  rubblization  process  and  the  three 
dimensional  structure  of  the  mine  itself  on  the  resulting  regional  waveforms  (Barker 
and  McLaughlin,  1992;  McLaughlin  eta!.,  1993). 

Following  the  work  of  Reamer  et  at.,  1992,  this  paper  reports  on  efforts  to  document 
physical  processes  in  the  near-source  region  of  mining  explosions  for  the  purposes  of 
unambiguously  constraining  the  important  characteristics  of  mining  explosions  that 
generate  seismic  waves.  Studies  such  as  this  in  conjunction  with  regional 
observations  from  the  same  events  provide  the  mechanism  for  placing  regional 
discriminants  on  a  firm  physical  foundation  that  can  then  be  extrapolated  to  new 
environments  or  locations.  The  recent  Non-Proliferation  Experiment  (Denny  and 
Zucca,  1994)  illustrates  one  such  controlled  experiment  in  which  a  combination  of 
near-source  and  regional  measurements  were  used  to  explore  the  similarities  and 
differences  of  chemical  and  nuclear  explosions. 

Mining  explosions  are  designed  for  a  variety  of  purposes  including  the  fragmentation 
and  movement  of  materials.  The  blast  design  is  dependent  on  the  particular 
application  intended  and  the  material  properties  of  the  rock.  The  range  of  mining 
applications  from  hard  rock  quarrying  to  coal  exposure  to  mineral  recovery  leads  to  a 
great  variety  of  blasting  practices.  A  common  component  of  many  of  the  sources  is 
that  they  are  detonated  at  or  near  the  earth's  surface  and  thus  can  be  recorded  by 
camera  or  video.  Although  our  primary  interest  is  in  the  seismic  waveforms  these 
blasts  generate,  the  visual  observations  of  the  blasts  provide  important  constraints 
that  can  be  applied  to  the  physical  interpretation  of  the  seismic  source  function.  In 
particular,  high  speed  images  can  provide  information  on  detonation  times  of 
individual  charges,  the  timing  and  amount  of  mass  movement  during  the  blasting 
processes  and  in  some  instances  evidence  of  wave  propagation  away  from  the 
source.  All  of  these  characteristics  can  be  valuable  in  interpreting  the  equivalent 
seismic  source  function  for  a  set  of  mine  explosions  and  quantifying  the  relative 
importance  of  the  different  processes.  This  report  documents  an  attempt  to  take 
standard  Hi-8  video  of  mine  blasts,  recover  digital  images  from  them  and  combine 
them  with  ground  motion  records  for  interpretation.  The  steps  in  the  data  acquisition, 
processing,  display  and  interpretation  will  be  outlined.  Two  applications,  the  first  a 
single  cylindrical  charge  at  standard  burden  distances  and  a  small,  four-by-four, 
ripple-fired  explosion  will  be  used  to  illustrate  the  techniques. 

The  blasts  were  all  recorded  on  a  Sony  TR101  Hi-8  video  camera  at  30  frames/s  and  a 
1/10000  shutter  speed.  The  camera  was  deployed  approximately  100  m  from  the 
single  cylindrical  charge  parallel  with  the  free  face  in  front  of  the  charge.  During  the 
ripple-fired  explosion,  the  camera  was  deployed  approximately  250  m  behind  and 
above  the  explosion.  In  each  deployment,  there  was  a  near-by  ground  motion  sensor 
for  correlation  with  the  video.  The  ground  motion  data  was  acquired  with  a  16-bit 


Refraction  Technology  Data  Acquisition  System,  Terra  Technology  accelerometers 
and  Sprengnether  S-6000  2  Hz  seismometers.  The  focus  of  this  discussion  will  be  on 
the  video  acquisition  and  processing  as  the  ground  motion  data  was  processed  in 
standard  ways. 


The  raw  video  images  were  transferred  to  a  Sony  CVR  5000  laser  disk  using  the 
Silicon  Graphics  Inc.  (SGI)  Galileo  Card  for  time-base  correction,  a  process  which 
takes  a  few  seconds.  150  frames  (i.e.,  30  fps  *  5  sec)  of  the  video  were  digitized 
outside  of  real-time  from  the  laser  disk  and  transferred  to  hard  disk  using  the  SGI 
Galileo  Video  card.  This  process  produces  YUV  format  color  images  each  640x486 
pixels  for  a  total  size  of  150  MBytes.  The  files  are  converted  from  YUV  to  RGB  format 
and  written  as  Run  Length  Encoded  (RLE)  files  using  the  Utah  Raster  Toolkit 
conversion  utility  (URT  tools  are  available  free  from  the  ftp  anonymous  login 
cs.utah.edu).  At  this  point  each  individual  frame  of  the  image  consist  of  two  interlaced 
fields  sampled  1/60  sec  apart.  Figure  1  illustrates  one  of  the  interlaced  frames  from 
the  single,  cylindrical  explosion.  The  fuzzy  nature  of  the  image  is  due  to  the  rapid 
speed  at  which  the  material  is  moving  and  the  interlacing  of  two  fields  sampled  1/60 
sec  apart  to  produce  a  single  video  frame. 


Figure  1:  Raw,  interlaced  video  frame  from  the  single  cylindrical  explosion.  The  frame 
follows  the  detonation  of  the  explosive  by  500  msec. 


The  frames  are  next  de-interlaced  and  interpolated  into  one  even  and  one  odd  field 
which  represent  two  instances  in  time  separated  by  0.01667  sec.  Additional  contrast 
and  image  enhancement  is  performed  on  the  de-interlaced  images  using  RLE  public 
domain  utilities.  The  marked  improvement  in  the  image  quality  after  these  steps  is 
illustrated  in  Figure  2. 
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Figure  2:  De-interlaced  and  image  enhancement  of  the  even  field  from  the  frame 

displayed  in  Figure  1 . 


Although  not  obvious  in  the  single  frames  and  fields  displayed  in  this  paper,  the 
camera  moves  as  the  P  wave  arrives  at  the  recording  site.  This  motion  degrades  the 
interpretation  of  the  blast  and  so  a  simple  correction  scheme  called  de-jittering  was 
devised.  The  location  of  a  stationary  distant  point  or  points  is  noted  in  each  frame  and 
then  the  field  is  corrected  to  this  location  to  remove  camera  motion.  The  resulting 
corrections  for  all  the  frames  in  the  video  are  combined  to  produce  a  representation  of 
the  camera  motion  in  the  plane  of  the  picture.  The  individual  frames  are  then 
combined  and  animated  on  the  SGI  to  produce  a  digital  record  of  the  blast  at  0.01667 
sec  resolution.  An  animated  representation  of  these  images  will  be  available  for 
review  at  the  meeting. 

The  final  step  of  the  process  is  to  combine  the  digital  video  images  with  the  digital 
ground  motions  so  that  one  can  begin  to  investigate  the  relationships  between  the 
ground  motion  and  the  source  processes  as  recorded  by  the  camera.  The  ground 
motions  are  superimposed  on  the  bottom  of  the  video  frame  along  with  a  vertical 
cursor  that  indicates  the  location  in  time  of  the  waveform  relative  to  the  image  currently 
being  viewed.  Time  correlation  between  the  video  images  and  the  ground  motion 
records  is  made  with  the  P  arrival  record.  The  composite  animation  are  next 
reconverted  to  RGB  format  and  sequenced  one  frame  at  a  time  back  onto  the  laser 
disk.  The  laser  disk  can  then  be  used  to  play  the  animation  at  speeds  from  30  frames 
per  second  (1/2  real  time  after  de-interlacing)  to  a  single  frame  stop  motion.  We  have 
found  that  the  ability  to  interact  with  the  animation  at  various  speeds  has  been  one  of 
most  important  visualization  tools.  An  example  of  one  frame  from  the  composite  is 
given  in  Figure  3. 
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Figure  3:  De-interlaced,  de-jittered  and  composited  field  from  the  single,  cylindrical 
explosion.  The  bottom  two  time  series  are  the  recovered  camera  displacements  from 
the  de-jittering  process  (x-tangential,  y-vertical).  The  top  three  time  series  are  ground 
velocities  (vertical,  top;  radial,  second;  transverse,  bottom)  derived  from  a  near-by 
accelerometer.  Time  denoted  in  the  figure  is  elapsed  time  since  the  detonation  of  the 

surface  delay. 


The  vertical  bar  in  Figure  3  denotes  the  time  in  the  waveforms  that  correlate  with  the 
video  field  from  the  explosion.  Comparison  of  the  ground  motion  record  with  the 
camera  displacements  illustrates  the  under  damped  pendulum  response  of  the 
camera  tri-pod.  The  near-source  ground  motions  are  completed  many  msec  prior  to 
this  video  image.  The  image  also  illustrates  that  there  are  still  many  dynamic 
processes  taking  place  in  the  source  region  despite  the  lack  of  ground  motion.  Careful 
review  of  the  animation  reveals  the  importance  of  the  initial  shock  from  the  explosive  in 
generating  the  near-source  ground  motions.  The  P  wave  as  it  propagates  from  the 
initial  shock  to  the  camera  can  be  seen  as  a  reflectance  change  in  the  near-surface 
materials.  These  two  observations  indicate  that  for  the  recorded  near-source  ground 
motions  that  late  time  explosion  phenomena  including  the  material  that  is  cast  out  into 
the  pit  do  not  contribute  to  these  waveforms. 

The  same  processing  scheme  was  applied  to  the  ripple-fired  explosion.  In  this  case, 
one  can  identify  the  non-electric  detonating  system  as  it  operates,  the  detonation  of  the 
individual  charges,  the  interaction  of  the  motion  between  the  individual  charges  and 
the  spall  of  the  material.  The  frame  rate  of  the  video  is  not  fast  enough  to  constrain 
the  exact  detonation  time  of  all  the  surface  delays.  High  speed  film  or  video  with  frame 
rates  as  high  as  500  frames/s  are  more  appropriate  for  this  task.  Figure  4  illustrates 
one  field  from  the  ripple-fired  explosion. 
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Figure  4:  De-interlaced,  de-jittered  and  composited  filed  from  the  ripple-fired 
explosion.  The  ground  velocities  and  the  camera  are  at  a  range  of  approximately  250 

m  from  the  explosion. 


CONCLUSIONS  AND  RECOMMENDATIONS:  The  utility  of  combining  video  records 
and  ground  motion  records  from  the  near-source  region  of  mining  explosions  has 
been  demonstrated.  This  tool  provides  a  unique  opportunity  for  investigating  the 
physical  properties  important  in  generating  seismic  waveforms.  The  simple  examples 
presented  in  this  paper  argue  that  direct  shock  coupling  of  energy  from  the  explosion 
is  of  primary  importance  in  the  generation  of  near-source  waveforms  and  that  the 
material  cast  by  such  explosions  is  of  secondary  importance.  Analysis  of  the  ripple- 
fired  explosion  documents  the  firing  sequence  and  the  cylindrical  interaction  of  the 
individual  charges  in  the  source  array.  Spall  processes  quantified  by  the  video  occur 
at  late  time  relative  to  the  near-source  motions. 

Simple  Hi-8  video  with  its  improved  resolution  provides  the  starting  point  for  this 
analysis  procedure.  The  key  to  the  work  is  the  digitization  of  the  video,  the  de¬ 
interlacing,  the  de-jittering  and  the  animation  with  the  recorded  waveforms.  A  modest 
priced  desk  top  computer  such  as  a  SGI  lndigo-2  coupled  with  a  video  capture  card 
provides  the  basis  of  the  analysis  system.  A  read/write  laser  disk  system  is  needed  as 
well  for  both  the  processing  steps  and  the  final  assembly  of  the  images. 

This  preliminary  study  has  begun  to  explore  the  utilization  of  different  types  of  data  in 
the  interpretation  of  the  seismic  source  function.  Additional  work  with  multiple 
cameras  intended  to  provide  three-dimensional  characterization  of  the  source  is 
planned.  These  images  can  be  used  to  provide  detailed  temporal  and  spatial 
quantification  of  material  motion  in  the  source  region.  These  same  images  in 
combination  with  sparsely  sampled  ground  motion  records  can  be  used  to  provide 
some  understanding  of  the  two  and  three  dimensional  aspects  of  the  seismic 
wavefield.  We  intend  to  explore  the  utilization  of  the  video  images  as  an  interpolating 
tool  between  the  point  ground  motion  records. 
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An  important  key  to  these  visualizations  is  the  linking  of  temporal  and  spatial  aspects 
of  the  problem  in  a  logical  way  so  that  the  scientists  can  interpret  the  important 
physical  processes  in  the  source.  Processed  video  records  of  the  tests  discussed  in 
this  paper  will  be  displayed  at  the  meeting  for  those  interested  in  investigating  the 
temporal  and  spatial  relations  in  the  video  and  ground  motion  data  sets. 
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Objectives: 

The  objective  of  our  studies  is  to  better  understand  what  affects  regional  broadband  waveforms. 
Isolated  broadband  seismic  stations  have  been  running  for  several  years  in  large  areas  of  the  globe 
from  which  few  seismic  data  had  been  available  previously.  Many  of  the  data  are  collected  for 
detection  and  discrimination  of  nuclear  explosions,  in  which  regional  crustal  phases  play  a  major 
role.  Such  data  have  proved  valuable  for  modeling  of  sources  (e.g.  Zhao  and  Helmberger,  1994), 
usually  assuming  one-dimensional  structure  and,  because  the  data  to  synthetics  misfits  increase  at 
higher  frequency,  using  lowpass  filtered  data.  Better  understanding  of  the  causes  of  variability  in 
the  waveforms  at  higher  frequency  will  enhance  the  resolution  and  accuracy  of  results  from 
source,  structural,  and  discrimination  studies.  Our  immediate  focus  is  on  understanding  the  effects 
of  major  topographic  features  on  crustal  phases. 


Research  Accomplished: 

We  have  observed  distinct  and  consistent  differences  between  waveforms  of  Nevada  Test  Site 
(NTS)  events  recorded  at  3  southern  California  broadband  stations  (figure  1).  Differences  in  am¬ 
plitude,  frequency  content,  and  character  of  secondary  Pn  arrivals  at  PAS  vs.  PFO  suggest 
variations  in  upper  mantle  structure  between  the  paths  to  the  two  approximately  equidistant  sta¬ 
tions,  and  possible  variations  in  near  receiver  scattering  (figure  2).  The  PmP  arrival  is  seen 
distinctly  at  PAS  but  is  absent  at  LAC  and  PFO,  suggesting  variations  in  the  crustal  or  Moho 
structure  between  the  NTS-LAC-PFO  path  and  the  NTS-PAS  path  (Baker,  et  al,  1993).  Increasing 
similarity  of  Pn  waveforms  with  decreasing  interevent  spacing  indicates  a  strong  effect  of  near 
source  scattering  (figure  3a).  Similarity  of  waveforms  with  comparable  source  magnitudes  (which 
correlate  very  well  with  depth)  indicates  the  importance  of  the  source  itself  and  of  the  surface 
reflection  (figure  3b). 

We  focus  on  amplitude  variations  of  Pn,  Pg,  and  Lg  caused  by  laterally  heterogeneous  structure. 
Lg  propagation  is  of  particular  interest  for  its  importance  in  discrimination  and  yield  estimation  . 
The  relative  amplitudes  of  Lg  to  Pg,  at  regional  distances,  form  the  basis  for  a  useful  discriminant 
between  nuclear  explosions  and  earthquakes  (Taylor,  et  al,  1989).  To  help  distinguish  whether 
structure  is  affecting  Pg  or  Lg,  we  compare  both  with  Pn.  For  insight  into  the  physics  of  propaga¬ 
tion  through  laterally  varying  structures,  both  synthetic  seismogram  studies  (Clouser,  1993)  and 
direct  observation  of  the  effects  on  waveforms  as  they  propagate  through  different  structures  (e.g. 
Bostock  and  Kennett,  1990)  are  useful.  Synthetic  seismogram  studies  are  limited  by  the  size  and 
speed  of  computers,  and  by  the  approximations  made  in  solving  seismic  wave  propagation 
problems.  Limits  to  the  observational  approach  are  largely  due  to  imprecise  knowledge  of  earth 
structure  and  insufficiently  dense  station  spacing.  To  minimize  these  limitations,  we  use  records  of 
10  NTS  explosions  recorded  variously  at  215  USGS/Caltech  southern  California  network  stations. 
The  stations  are  more  densely  spaced  than  perhaps  in  any  other  network  covering  a  comparable 
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area;  they  are  250-500  km  distant  from  NTS;  and  they  rest  above  what  is  likely  the  most  compre¬ 
hensively  studied  crust  and  upper  mantle  structure  for  a  region  of  such  extent. 

We  measured  the  rms  amplitudes  of  Pn,  Pg,  and  Lg.  The  largest  subset  of  stations  recording  useful 
data  for  any  one  event  was  1 14  for  the  Mb  4.3  explosion,  COSO,  on  day  67,  1991.  The  Pn  arrival 
times  were  handpicked,  and  the  first  5  seconds  of  Pn  were  used.  The  first  10  seconds  of  Pg  were 
used,  starting  with  times  calculated  relative  to  Pn  for  a  layer  over  a  half  space  model  (Helmberger 
and  Engen,  1980).  The  Lg  window  was  chosen  to  fall  between  group  velocities  of  2.8  and  3.6 
km/sec.  All  three  phases  are  prominent  between  0.6  to  3  Hz,  chosen  to  highlight  Lg  (Hansen,  et 
al,  1990),  and  so  were  bandpass  filtered  within  that  range.  The  rms  amplitude  is  defined  as 

Arms  = 

where  x*  is  the  record  of  the  phase  of  interest,  mi  and  m2  the  denote  the  begin  and  end  samples  of 
the  measurement  window  for  the  phase,  and  M  is  the  number  of  points  in  that  phase.  N  is  the 
number  of  points  in  a  pre-event  noise  window,  with  ni  and  ri2  denoting  the  begin  and  end  samples 
of  the  noise  window  (after  Zhang  and  Lay,  1994).  The  unknown  site  effect  on  amplification  makes 
comparison  of  absolute  amplitudes  from  station  to  station  difficult,  so  we  compare  relative 
amplitudes.  Figures  4,  5,  and  6  show  the  geographical  variations  of  Pn/Pg,  Pn/Lg,  and  Pg/Lg  am¬ 
plitude  ratios  respectively.  They  are  superimposed  on  a  shaded  relief  image  of  topography,  with 
the  major  southern  California  fault  systems  outlined.  Figure  1  shows  the  same  base  map,  with 
place  names  used  in  the  discussion.  The  amplitude  ratios  shown  are  from  the  COSO  explosion.  The 
variations  of  amplitude  ratios  are  very  similar  for  all  the  events  studied,  although  the  absolute 
magnitudes  of  the  amplitude  ratios  vary  with  the  source.  The  actual  values  for  this  particular  event 
vary,  presumably  coincidentally,  from  0.06  to  2.6  for  both  Pn/Pg  and  Pn/Lg,  and  from  0.45  to  2.2 
for  Pg/Lg.  The  most  obvious  changes  in  amplitude  ratios  occur  across  a  line  delineated  by  the 
southern  border  of  the  Transverse  Ranges  and  the  eastern  border  of  the  Peninsular  Ranges.  The 
amplitude  ratios  of  Pn/Pg  and  Pn/Lg  increase  with  distance  from  NTS  beyond  this  line.  Amplitude 
ratios  at  stations  in  the  Transverse  Ranges  and  along  the  San  Andreas  fault  remain  relatively  small. 
They  continue  to  increase  at  sites  in  and  beyond  (i.e.  away  from  NTS)  the  Peninsular  Ranges. 
There  is  a  sharp  transition  from  the  largest  to  much  smaller  amplitude  ratios  to  the  east  of  the 
Peninsular  Ranges,  where  the  mountains  meet  the  Salton  Trough.  Pn  and  Pg  recorded  at  stations 
from  both  sides  of  that  boundary  are  shown  in  figure  7.  The  Pg/Lg  amplitude  ratios  show  no  par¬ 
ticular  pattern,  which  may  reflect  the  similar  nature  both  phases,  which  consist  of  seismic  waves 
reverberating  in  the  crust. 

It  is  not  certain  whether  the  pattern  is  due  to  Pg  and  Lg  variations,  or  Pn  variations,  or  both.  Bur¬ 
dick  et  al  (1991)  hypothesized  a  steep  gradient  in  the  upper  mantle  beneath  southern  California 
based  on  the  variation  in  Pn/Pg  amplitude  ratios  observed  for  a  suite  of  NTS  events  at  3  broadband 
stations,  assuming  this  variation  is  due  to  a  triplication.  Conversely,  that  the  pattern  seems  to  vary 
with  major  crustal  boundaries  argues  for  a  crustal  cause  and  so  for  variation  in  Pg  and  Lg.  We  will 
accept  the  hypothesis  for  the  moment  that  the  variation  is  in  the  crustal  phases,  and  ask  what  the 
cause  might  be.  Scattering  laterally  or  into  the  mantle  from  the  root  of  the  Transverse  Ranges  is  an 
obvious  hypothesis  to  consider.  We  note  that  no  similar  effect  is  seen  along  raypaths  crossing  the 
Sierra  Nevada.  This  observation  may  bear  on  a  cuiTent  controversy  regarding  the  existence  of  a 
root  to  the  Sierra  Nevada  (eg.  Jones,  1991;  Sung  and  Jackson,  1992).  The  survival  of  crustal  phases 
through  the  Salton  Trough,  followed  by  a  sudden  amplitude  drop  at  stations  just  within  the  Pen- 
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insular  Ranges,  is  suggestive  of  some  effect  of  the  basin-mountain  boundary,  perhaps  of  a  large 
lateral  velocity  contrast.  However,  raypaths  to  stations  at  the  southern  base  of  the  western  Trans¬ 
verse  Ranges,  and  to  those  across  Banning  Pass,  do  not  cross  any  significant  sedimentary  basins 
but  still  have  increased  amplitude  ratios.  Further  discussion  of  this  in  the  context  of  preliminary 
3-dimensional  modeling  with  ray  tracing  is  given  by  Vemon  and  Baker  in  this  volume. 


Conclusions  and  Recommendations: 

The  lack  of  coherent  spatial  variation  of  Pg/Lg  amplitude  ratios,  and  their  somewhat  smaller  range 
of  values  and  standard  deviation,  compared  to  Pn/Lg  amplitude  ratios,  suggest  that  much  of  the 
path  effects  on  Lg  are  mimicked  by  Pg.  Thus  Pn/Lg  is  more  strongly  affected  by  the  path  and 
Pg/Lg  is  more  representative  of  the  source.  The  latter  should  therefore  be  of  greater  utility  for 
discrimination  (eg.  Taylor,  1989). 

Intended  future  efforts  include  the  collection  of  regional  seismic  data  from  events  further  away 
from  but  at  a  similar  backazimuth  to  NTS,  which  should  permit  determination  of  whether  the  main 
source  of  amplitude  variations  is  in  Pn,  Pg  and  Lg,  or  both.  We  also  intend  a  systematic  study  of 
the  correlation  of  amplitude  variations  with  variations  in  topography  and  other  widely  available 
geophysical  quantities  (e.g.  gravity). 
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Figure  1 :  Southern  California  map,  with  place  names  discussed  in  text.  Triangles  indicate  the  3 
broadband  stations.  The  4  large  and  4  small  octagons  indicate  the  station  positions  of  the  high  and 
low  Pn/Pg  amplitude  ratio  records  shown  in  figure  7. 
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Figure  2:  Pn  of  NTS  events  re¬ 
corded  at  PFO  (upper  trace  of 
each  pair)  and  PAS  (lowertrace 
of  each  pair).  Dotted  lines  indi¬ 
cate  firsthalf  second,  which  is 
typically  half  a  cycle  at  PAS,  but 
approximately  one  and  a  half 
cycles  at  PFO. 
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Figure  3:  a)  (top)  RMS  differences  between  normal¬ 
ized  Pn  waveforms  of  Pahute  Mesa  event  pairs,  re¬ 
corded  at  LAC,  binned  in  consecutive  groups  of  nine 
event  pairs,  versus  interevent  distance,  b)  (bottom) 
RMS  differences  versus  Mb  with  one  event  from 
Pahute  Mesa  and  one  from  Yucca  Flat. 
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Figure  4:  Pn  to  Pg „  nplitude  ratios  for  the  Nts  event  Coso, 
plotted  over  shaded  relief  image  of  southern  California  at 
the  recording  stations’  positions.  Circle  sizes  correspond 
to  magnitude  of  the  ratios. 
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of  Regional  Networks 
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Contract  No:  F19628-93-C-0177 
Objective 

The  objective  of  this  program  is  to  develop  an  interactive  computer  system  capable  of  evaluating  the 
factors  affecting  the  identification  performance  of  a  network  recording  events  at  regional  distances. 

Research  Accomplished 

The  computer  program  NICE,  for  Network  Identification  Capability  Evaluation,  was  written  to  assess 
the  ability  of  a  seismic  network  to  discriminate  earthquakes  from  explosions.  In  this  report  on  the 
progress  during  the  first  phase  of  a  two-year  project,  we  describe  enhancements  to  the  program  which 
allow  assessment  of  regional  networks  and  discriminants  in  addition  to  the  original  capabilities  to  assess 
teleseismic  networks.  The  enhanced  program,  called  XNICE  (with  an  X  windows  interface)  simulates  the 
detection,  location  and  identification  of  a  suite  of  events  using  a  Monte  Carlo  approach.  This  approach 
allows  one  to  isolate  the  effects  of  source  type,  propagation  path,  and  choice  of  discriminants  on  the 
discrimination  process.  In  addition,  discriminant  performance  and  network  thresholds  of  detection, 
location  and  identification  are  assessed.  XNICE  generates  the  parameters  of  a  sequence  of  events  and 
computes  the  ground  motions  from  the  events  at  the  stations  of  the  network.  The  features  of  the  ground 
motions  used  for  discrimination  are  then  measured,  and  discrimination  scores  are  assigned  to  each  event. 
From  a  suite  of  events,  the  performance  of  the  network  and  the  discriminants  can  be  assessed.  The 
program  has  the  capability  to  compute  signals  from  earthquakes,  quarry  blasts  and  both  overburied  and 
normally  buried  explosions. 

The  models  of  regional  phases  (Pn,  Pg,  Lg,  Sn  and  Rg)  include  the  effects  of  non-linear  processes,  in 
particular,  spall.  We  use  kinematic  models  of  spall  to  incorporate  the  effects  of  mass  movements 
associated  with  nuclear  explosions  and  quarry  blast  charges.  These  spall  movements  change  the  source 
spectra,  generally  causing  the  measured  slope  above  1  Hz  to  increase.  We  use  models  of  source  spectra 
and  the  relative  excitation  of  the  sources  to  account  for  the  differences  in  regional  phase  excitation  for  the 
various  source  types.  We  apply  discriminants  based  on  the  spectral  slopes  from  1  Hz  to  10  Hz  of  Lg,  Pg 
and  Lg/Pg  to  the  events  generated  by  XNICE.  The  models  predict  that  spectral  slopes  for  Lg,  Pg  and  Lg/Pg 
are  least  for  earthquakes,  are  greater  for  normally  buried  explosions  and  are  greatest  for  quarry  blasts. 
Spectral  slopes  of  Lg  are  closer  to  earthquakes  for  overburied  bombs,  and  can  be  indistinguishable  at  low 
magnitudes.  Spectral  slopes  are  higher  for  normally  buried  bombs  than  for  earthquakes  due  to  the  slope 
of  (1)  the  spall  source  spectrum  and  (2)  of  the  excitation  spectrum  of  shallow  explosions  relative  to  mid- 
crustal  earthquakes.  Quarry  blast  spectral  slopes  are  largest  due  to  the  effects  of  spall  and  of  extended 
source  duration.  These  results  are  all  consistent  with  numerous  observations.  Furthermore,  we  find  that 
the  population  of  spectral  slopes  of  normally  buried  explosions  separate  from  earthquakes  more  for  an 
eastern  U.S.  earth  structure  than  for  a  western  structure.  We  also  show  that  network  detection  levels 
strongly  influence  these  results. 

In  addition,  the  X  windows  interface  which  has  been  installed  is  much  easier  to  use  than  the  question- 
and-answer  format  of  the  original  program.  In  the  following  we  describe  the  architecture  of  the  program, 
the  means  for  doing  regional  analyses,  and  applications  using  an  eastern  U.S.  earth  structure. 

XNICE 

XNICE  is  comprised  of  four  modules.  The  user  communicates  with  the  modules  through  the  X 
interface,  which  also  coordinates  the  modules.  A  flow  chart  of  the  system  is  shown  in  Figure  1.  The 
modular  design  allows  one  to  examine  independently  the  effects  of  the  seismic  source,  the  wave 
propagation,  the  seismic  network  operation  (location  and  detection)  and  discrimination  rules  on 
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Figure  1.  Flow  chart  of  the  XNICE  system.  The  four  major  modules  are  controlled  by  the  X 
windows  interface.  Graphic  output  can  be  supplied  to  GeoSys  to  make  Graphics 
Information  System  (GIS)  displays. 

identification  of  events.  The  parameters  of  each  module  can  be  verified  by  direct  comparison  with 
observations.  XNICE  plots  allow  the  user  to  examine  a  realization  of  the  seismic  events  and  details  of  the 
discrimination  results.  In  addition,  a  link  to  the  S-CUBED  data  visualization  package  GeoSys  provides 
map  drawings  with  contours  and  physical  feature  overlays. 

Regional  Propagation  Modeling 

A  number  of  authors  have  derived  empirical  or  heuristic  expressions  of  regional  phase  propagation 
(see,  for  example,  Goncz,  et.  al.,  1986  or  Nuttli,  1975).  We  use  a  form,  modified  from  Campillo,  et.  al. 
(1985),  which  includes  the  effects  of  propagation  and  source  excitation  explicitly.  The  observed  signal 
amplitude  (peak  narrow-bandpass  or  spectrally  averaged  amplitude)  at  range  A  and  frequency  /  has  the 
form: 

A(f,A)  =  Q(f)G(A,f),  G(f,A)=E(f)P{A,f), 

A 

where  Q(f)  is  the  source  spectrum.  The  function  Gif,  A)  is  an  effective  Green’s  function  comprised  of 
E(f),  the  source  excitation  spectrum  and  a  propagation  term,  specified  by 

log(P(A,f))  =  -n  log(AjA0)+log(e)y(f)(A -A0)  +  e, 
where  Aq  is  a  reference  distance,  y(f)  is  the  anelastic  attenuation  parameter,  n  is  a  factor  for  geometric 
spreading  (typically  n  =  5/6),  and  e  incorporates  random  effects  of  local  station  response  and  noise.  The 
source  excitation  spectrum  E(f)  depends  on  source  type  (earthquake,  explosion,  etc.)  and  source  depth. 
The  source  excitation  spectra  are  calibrated  from  calculations  of  synthetic  seismograms  or  from 
observations  of  signals  from  different  sources  along  common  paths.  The  basic  assumption  underlying  this 
approach  in  XNICE  is  that  differences  in  spectral  slopes  for  different  types  of  sources  and  waves  ( Lg ,  Pg) 
are  caused  by  differences  in  source  Q(f)  and  excitation  E(f). 


Source  Spectra 

XNICE  computes  signals  from  four  source  types:  earthquakes,  quarry  blasts,  and  both  overburied 
and  normally  buried  explosions.  Earthquake  source  spectra  are  compuated  using  the  formulation  by 
Brune  (1970).  The  equations  given  by  Mueller  and  Murphy  (1971 )  are  used  for  nuclear  explosion  spectra. 
Like  earthquakes,  the  spectra  are  flat  at  low  frequencies  and  decrease  as  f~ ^  at  high  frequencies.  We  add 
to  normally  buried  explosions  a  spall  contribution  which  adds  power  near  1  Hz. 

We  model  quarry  blasts  as  the  superposition  of  rows  of  charges  fired  in  sequence,  a  well  established 
paradigm.  Following  the  modeling  studies  by  Barker,  et.  al.,  (1993),  each  charge  consists  of  an  explosion 
with  an  accompanying  spall,  which  moves  material  from  its  original  location.  The  source  spectrum  for 
each  individual  charge  has  an  explosive  part  whose  comer  frequency  is  much  higher  than  the  frequencies 
of  interest  here,  while  the  spall  component  peaks  in  the  bandwidth  of  interest.  The  firing  pattern 
spectrum  F(co)  is  flat  at  low  frequencies  and  rolls  off  as  /'?  above  a  comer  frequency  equal  to  the  inverse 
of  the  total  duration  of  the  blast,  which  for  larger  blasts  will  be  around  1  Hz  or  less.  Barker,  et.  al.  (1993) 
show  that  synthetic  regional  signals  from  the  explosive  and  spall  components  are  comparable. 

Source  Excitation  Spectra 

Ideally,  one  would  find  the  source  excitation  spectra  for  each  source  type  by  recording  signals  from 
the  different  types  along  common  propagation  paths.  This  is  possible  in  many  areas  for  quarry  blasts  and 
earthquakes,  although  in  many  areas  it  is  not.  Of  course,  the  number  of  nuclear  test  sites  is  small.  When 
these  recordings  are  available,  E(f),  or  Q(/)E(/)  can  be  inferred  using  analyses  such  as  in  Campillo  (1985). 
Otherwise,  we  must  rely  on  synthetic  seismogram  calculations. 

We  used  synthetic  seismograms  to  compute  E(f)  for  explosion,  double-couple  and  point-force  at  the 
required  depths.  We  recognize  that  the  current  technology  for  computing  synthetic  seismograms  is 
limited  to  plane-layered  models  which  do  not  completely  represent  the  observed  wavefields.  We  assume, 
however,  that  spectral  differences  in  regional  wavefields  due  to  different  sources  can  be  predicted  by  the 
ID  synthetic  calculations.  The  approach  is  to  use  relations  derived  from  earthquake  observations  as  a 
basis  for  calculating  ground  motions  and  rely  on  comparisons  with  synthetics  to  calculate  motions  from 
other  sources  with  respect  to  earthquakes.Studies  by  Campillo,  et.  al.  (1984)  and  by  the  authors  of  this 
report  show  that  excitation  of  regional  signals  is  marly  constant  for  sources  within  three  depth  regions: 
the  very  shallow  crust,  the  mid-crust,  and  the  lower  crust.  Most  earthquakes  have  their  hypocenters  in  the 
mid-crust  while  man-made  sources  will  be  in  the  upper  crust.  With  this  in  mind,  we  write  for  the 
excitation  functions  for  bombs  and  quarry  blasts: 

A^{f,A.zx)=hdLh£hE.^(fo)QsrcP^,f)  . 

>zmcJ 

Where  the  subscripts  sc  and  me  indicate  that  the  source  is  in  shallow  crust  and  mid-crust,  respectively.  In 
practice,  the  spectral  ratio  is  found  from  quotients  of  smoothed  spectra  computed  by  a  wavenumber 
integration  program. 

Tests  with  an  Eastern  U.S.  Structure 

We  have  made  initial  tests  of  the  XNICE  regional  capabilities  using  an  eastern  U.S.  structure.  In  Figure  2, 
the  normalized  excitation  functions  are  shown  for  this  structure.  We  see  that  the  Lg  explosion  and  vertical 
force  excitation  decreases  with  frequency  relative  to  the  mid-crustal  earthquake,  with  the  vertical  force 
having  a  steeper  slope.  For  Pg,  only  the  relative  vertical  force  excitation  decreases  with  frequency.  We 
note  that  the  Lg  explosion  and  earthquake  excitation  functions  differ  by  only  0.28  magnitude  units  at  1  Hz 
(for  constant  moment  rate).  Previous  Lg  excitation  studies  (Swanger,  et.  al.,  1982;  Bennett,  et.  al.,  1987; 
McLaughlin,  et.  al.,  1988)  have  found  that  there  is  little  difference  in  Lg  peak  excitation  between  shallow 
explosion  and  deeper  earthquake  excitation.  Since  the  peak  is  near  1  Hz,  the  results  in  Figure  2  are  not 
inconsistent  with  their  findings. 

Spectral  slope  discriminants  have  been  tested  in  several  areas  using  the  slopes  of  Lg  and  P  (Pg  or  Pn) 
spectra  or  equivalently  the  ratios  of  amplitudes  at  low  frequencies  to  amplitudes  at  high  frequencies. 
These  studies  all  show  that  Lg  and  Pg  spectra  from  earthquakes  are  richer  in  higher  frequency  energy 
than  explosions.  Quarry  blasts  also  have  been  shown  to  have  steeper  spectral  slopes  than  earthquakes 
(Bennett,  et.  al.,  1989). 


Normalized  Lg  and  Pg  excitation  functions  are  shown  for  the  eastern  U.S.  structure.  Explosion  and  vertical 
force  excitation  are  referenced  to  mid-crustal  double-couple. 


For  an  eastern  U.S.  structure,  we  show  in  Figure  3  a  plot  of  the  ratio  of  Lg  spectral  amplitude  in  the 
band  from  1  to  2  Hz  to  the  spectral  amplitude  in  the  6  to  8  Hz  band  at  stations  on  a  uniform  grid  (this  was 
done  to  isolate  the  effects  of  source  and  propagation  from  the  effects  of  network  geometry  and  location 
uncertainties).  The  events  are  located  near  the  center  of  a  square  grid  which  is  5  degrees  on  a  side.  The 
ratios  are  plotted  against  mb(Lg).  In  this  figure,  the  earthquake  stress  drop  is  held  fixed  at  100  bars  to 
make  the  comparisons  between  source  types  more  apparent.  As  can  be  seen  in  the  figure  (taken  from  the 
XNICE  interface),  the  earthquakes  have  the  lowest  ratios  (or  the  shallowest  slopes).  The  quarry  blasts 
have  the  highest  Lg  spectral  ratios  (steepest  slopes).  For  lower  magnitudes,  the  overburied  bombs  have 
ratios  near  those  of  earthquakes,  but  the  ratios  are  larger  for  higher  magnitudes.  Normally  buried  bombs 
have  higher  ratios  than  earthquakes.  The  scatter  in  the  normally  buried  bombs  is  due  primarily  to 
interference  between  the  spall  and  explosive  components  at  high  frequencies,  while  the  scatter  in  the 
quarry  blasts  is  due  to  scalloping  from  the  firing  pattern  and  to  low  signal  levels  at  high  frequencies. 

The  causes  of  the  different  slopes  can  be  seen  in  Figure  4,  which  shows  spectra  of  the  products  of  the 
Lg  excitation  and  source  functions  E(f)Q  (f)  for  representative  sources  in  the  1  to  10  Hz  band.  The  spectra 
have  been  normalized  to  the  values  at  1  Hz.  The  earthquake  spectra,  for  magnitude  2.5  and  3.5  events, 
show  the  effect  of  decreasing  comer  frequency  with  source  size.  The  overburied  bomb  has  a  steeper  slope 
primarily  because  the  explosion  excitation  slope  relative  to  the  earthquakes  is  greater  (Figure  2).  The 
normally  buried  bomb  source  spectrum  is  peaked  near  1  Hz  due  to  the  spall  contribution,  which  causes 
the  spectral  ratio  to  be  higher  for  the  normally  buried  bomb  than  for  the  overburied  bomb.  The  quarry 
blast  spectrum  is  steepest  due  to  both  the  source  and  excitation  functions.  Both  the  shallow  crust 
excitation  functions  for  the  explosive  and  spall  contributions  to  the  quarry  blast  decay  faster  than  the 
mid-crust  earthquake.  The  finite  duration  of  the  quarry  blast  (in  this  case,  2.6  seconds)  modulates  the 
spectrum  by  a  sine  function  that  decays  as  /‘I  above  about  0.4  Hz. 

Figure  5  shows  Lg  spectral  ratios  for  a  larger  set  of  events  but  recorded  at  a  simulated  network  of  30 
U.S.  National  Seismograph  Network  (USNSN)  sites.  The  events  are  located  near  the  center  of  the  array  at 
37°  N  by  90°  W  (western  Tennessee).  At  this  time,  we  do  not  have  noise  data  for  many  USNSN  stations 
and  no  bulletins  are  yet  available.  Thus,  we  used  a  default  value  of  5  nm  RMS  ground  noise  at  each  site. 
The  relative  random  variation  from  propagation  is  set  at  0.2  magnitude  units.  We  note  that  295  out  of  the 
440  events  in  the  realization  are  plotted.  The  remainder  were  rejected  primarily  because  the  signal-to- 
noise  levels  in  the  high  frequency  measurement  were  less  than  2,  even  though  the  signal  levels  at  low 
frequencies  were  sufficient  to  make  a  magnitude  measurement.  Quarry  blasts  are  not  on  the  plot  because 
the  spectra  fall  off  rapidly  and  the  values  at  higher  frequencies  are  below  the  specified  signal-to-noise 
ratio  of  2.  Smaller  overburied  explosions  do  not  appear  on  the  plot  because  the  higher  frequency  signals 
are  in  the  noise,  thus  reducing  the  success  rate  of  the  discriminant.  Referring  to  the  spectral  slope  values 
on  the  figures,  we  see  that  the  level  for  detecting  and  measuring  earthquake  spectral  slopes  is  around  0.2 
magnitude  units  more  than  the  threshold  for  making  a  magnitude  measurement.  Since  the  spectral  slope 
of  the  artificial  sources  is  higher  than  for  earthquakes,  the  threshold  for  measuring  the  spectral  slope  is 
even  higher  for  these  sources,  about  1  magnitude  unit. 

Our  results  qualitatively  support  the  use  of  Lg  and  Lg/Pg  spectral  ratios  as  a  regional  discriminant, 
but  demonstrate  the  sensitivity  of  this  discriminant  to  network  detection  thresholds. 

Conclusions  and  Recommendations 

This  report  describes  the  XNICE  program,  focusing  on  enhancements  for  regional  discrimination  of 
earthquakes  from  several  artificial  sources.  We  present  a  model  for  simulating  the  spectral  slope 
discriminants,  and  test  it  using  earth  models  for  the  eastern  and  western  U.S.  The  model  explicitly 
includes  the  effects  of  source  spectrum  and  excitation  on  observed  spectral  amplitudes.  For  these  tests,  we 
calibrated  the  source  excitation  functions  using  spectral  ratios  of  synthetic  Green's  functions.  For 
populations  of  earthquakes,  normally  buried  and  overburied  explosions  and  quarry  blasts,  we  find  that 
the  relative  values  of  spectral  slopes  (ratios  of  high  to  low  frequency  amplitudes)  are  consistent  with 
observations  of  those  source  types  at  regional  distances.  We  recognize  that  these  results  depend  strongly 
on  the  relative  slopes  of  the  source  spectra  and  excitation  functions,  which  in  turn  depend  on  the  earth 
structure.  It  is  therefore  important  to  test  the  model  in  different  areas  where  there  have  been  earth 
structure  and  discrimination  studies,  in  particular,  Europe.  This  will  be  a  subject  of  research  in  the  second 
year  of  this  project. 
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Plot  of  the  ratio  of  Lg  spectral  amplitude  in  the  band  from  1  to  2  Hz  to  the 
spectral  amplitude  in  the  6  to  8  Hz  band  averaged  over  stations  on  a  uniform 
grid,  for  the  eastern  US.  structure. 
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Spectra  of  the  products  of  the  Lg  excitation  and  source  functions  E(f)  Q (f)  for 
representative  sources  in  the  1  to  10  Hz  band.  The  spectra  have  been  normalized 
to  unity  at  1  Hz.  Note  that  the  quarry  blast  spectrum  has  the  steepest  slopes  and 
the  earthquakes  have  the  shallowest  slopes. 


Figure  5.  Plot  of  the  ratio  of  Lg  spectral  amplitude  in  the  band  from  1  to  2  Hz  to  the  spectral 
amplitude  in  the  6  to  8  Hz  band  averaged  over  stations  in  the  USNSN  with  noise  equal  to 
10  nm,  for  the  eastern  U.S.  structure.  The  random  propagation  variation  is  0.2  magnitude 
units. 


We  have  completed  most  of  the  programming  to  test  three  other  proposed  regional  discriminants :  (1 ) 
Rg  spectral  slopes,  (2)  Rg  to  Lg  ratios,  and  (3)  These  will  be  fully  implemented  in  the  first  and 

second  quarter  of  the  second  year. 

Another  enhancement  which  we  will  soon  test  is  the  effects  of  arrays  on  network  performance.  The 
focus  will  be  on  improvements  in  event  location  using  azimuth  and  slowness  information  from  array(s) 
and  on  the  effects  of  improved  detection  levels  due  to  the  arrayfs).  When  these  improvements  have 
tested,  we  will  apply  the  system  to  likely  scenarios  in  the  Middle  East 
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OBJECTIVES 

This  paper  reports  on  the  progress  of  a  project  concerned  with  porting  discriminants 
from  known  geographic  regions,  such  as  Scandinavia  and  the  U.S.,  to  other  regions  of  the 
world,  like  the  Middle  East.  A  seismic  discrimination  research  system,  called  the  Intelligent 
Seismic  Event  Identification  System  or  ISEIS,  developed  under  an  earlier  project 
(Baumgardt  et  al,  1991)  has  been  used  to  process  events  to  extract  discrimination 
waveform  features  and  to  view  the  processing  results.  Our  goals  are  to  examine  the 
variabilities  of  performance  of  waveform  discriminants  for  identifying  nuclear  explosions, 
chemical  explosions,  and  earthquakes;  to  determine  the  possible  causes  of  these 
variabilities;  and  to  study  effects  of  propagation  path  which  will  affect  the  porting  of  dis¬ 
criminants  to  other  regions  of  the  world.  * 

RESEARCH  ACCOMPLISHED 

Many  previous  studies  have  demonstrated  that  the  Pn/Lg  amplitude  ratio  can  be 
applied  as  a  discriminant  between  mining  explosion  and  earthquakes  (Baumgardt  and 
Young,  1990)  and  nuclear  explosions  and  earthquakes  (Bennett  et  al.,  1989).  However, 
Baumgardt  (1990)  showed  the  effects  of  propagation  path  blockage  on  observed  Lg  ampli¬ 
tudes  recorded  at  large  distances.  Corrections  need  to  be  made  for  these  effects  when  at¬ 
tempting  to  distinguish  explosions  and  earthquakes  which  occur  at  different  distances  and 
different  path  geologies. 

In  our  initial  investigation,  we  have  investigated  the  feasibility  of  porting  the  Pn/Lg 
discriminant  determined  in  previous  study  (Baumgardt,  1993)  for  seismic  arrays  in 
Scandinavia  to  a  new  region,  central  Eurasia.  We  have  reanalyzed  some  of  the  nuclear  ex¬ 
plosion  and  earthquake  data,  recorded  at  the  CDSN  station  WMQ,  originally  studied  by 
Bennett  et  al.  (1989),  along  with  some  additional  events,  notably,  the  1988  Lop  Nor  nu¬ 
clear  explosion  in  China.  In  our  study,  we  have  carefully  analyzed  all  regional  phase  ampli¬ 
tude  ratios  and  the  variability  of  propagation  paths  from  the  regions  to  WMQ,  shown  on  the 
shaded  topographic  map  of  the  region  on  the  right  of  Figure  1 ,  and  the  possible  effects  of 
propagation  path  on  the  discriminant.  Figure  1  left  shows  the  locations  of  the  earthquakes, 
plotted  as  square  symbols,  and  the  nuclear  explosions,  plotted  as  circle  symbols.  We  have 
subdivided  the  study  area  into  7  regions,  Mongolia,  Lop  Nor,  Tien  Shan  (earthquakes  near 
Lop  Nor) ,  W  Tien  Shan,  NE  Tibet  and  NW  Tibet. 

For  WMQ,  Pn/Lg  ratios  measurements  were  made  with  the  ISEIS  system  on  both 
the  midband  (bz)  and  high  frequency  (sz)  vertical-component  channels,  with  sampling  rates 
of  20  and  40  Hz,  respectively.  Figure  2  shows  the  discriminant  in  the  6-8  Hz  band,  mea¬ 
sured  on  the  bz  channels,  plotted  versus  the  regions  defined  above.  The  CURRENT 
EVENT  indicates  the  measurement  for  the  September  29,  1988  Lop  Nor  explosion,  whose 
events  parameters  are  shown  in  the  upper  right  of  the  diagram.  The  box  at  the  bottom  right 
of  the  figure  shows  the  distances  of  the  different  regions  from  the  Lop  Nor  region.  The 
Lop  Nor  explosion  and  the  Balapan  explosions  have  about  the  same  Pn/Lg  but  these  two 


Figure  1 :  Maps  showing  locations  of  earthquakes  and  nuclear  explosions  recorded  at  the  CDSN 
station,  WMQ.  Earthquakes  are  plotted  on  the  left  as  squares  and  explosions  as  circles.  Shaded 
topography  and  the  source  receiver  paths  as  shown  on  the  right.  Tectonic  features  from  Terman 
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Figure  2:  Scatter  plot  comparison  of  the  Pn/Lg  ratios  in  the  6-8  Hz  band,  recorded  at  WMQ,  for 
the  Lop  Nor  nuclear  explosion  compared  with  nearby  earthquakes  and  Soviet  nuclear  explosions 
at  the  Balapan  test  site. 
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Figure  3:  (a)  Scatter  plot  of  Pn/Lg  ratios  versus  distance  with  distance  correction  curve  shown, 
(b)  Scatter  plot  corrected  for  distance. 
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Figure  4:  Crustal  cross  sections  for  the  7  regions  to  WMQ  shown  in  Figure  1.  Cross  sections 
plotted  from  west  to  east  as  left  and  right  and  the  positions  of  WMQ  are  labelled. 
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regions  are  1 1 88  km  apart.  The  earthquakes  show  large  variance  in  the  log  Pn/Lg  ratios, 
whereas  the  nuclear  explosion  variance  is  much  smaller. 

Figure  3  shows  the  same  points  plotted  as  a  function  of  distance.  Clearly,  the  Lop 
Nor  explosion  is  well  separated  from  the  nearby  Tien  Shan  earthquakes.  However,  the 
Tien  Shan  earthquakes  show  a  very  strong  increasing  trend  with  distance.  We  have  deter¬ 
mined  a  distance  correction  for  Pn/Lg  ratios  in  Scandinavia,  using  data  from  the  NORESS, 
ARCESS,  and  FINESA  arrays.  By  fitting  slopes  to  the  amplitude  ratios  for  station  pairs 
covering  several  distance  ranges,  we  build  up  a  set  of  frequency  dependent  distance  correc¬ 
tions.  We  regard  these  curves  to  be  nominal  for  a  shield  type  propagation  path  which  may 
not  be  representative  of  central  Eurasia.  The  one  for  6  to  8  Hz  is  shown  plotted  as  a  curve 
in  Figure  3(a).  Using  the  slope  of  this  curve,  the  PnJLg  ratios  have  been  corrected  to  a 
standard  distance  of  500  km  and  are  shown  in  Figure  3  (b).  This  correction  slightly  shifts 
the  Lop  Nor  point  to  a  higher  value  that  falls  more  in  the  Balapan  group.  Clearly,  the  shield 
correction  is  not  adequate  for  the  earthquake  trend. 

Figure  4  shows  crustal  cross  sections  for  each  of  the  paths  in  Figure  1  right.  These 
plots  shows  cross  sections  of  mean  elevation,  depth  of  sediments,  and  depth  of  the  Moho. 
The  data  for  these  plots  came  from  GIS  server  at  Cornell  University  (Fielding,  et  al, 
1992).  Zhang,  et  al  (1994)  have  suggested  that  variations  in  Pn/Lg  ratio  may  be  correlated 
to  crustal  parameters,  such  as  average  depth  of  the  sediments.  Baumgardt  (1990)  argued 
that  a  sharp  change  in  the  depth  of  sediments,  relative  to  a  change  in  distance,  may  disrupt 
the  Lg  waveguide  and  thus  block  Lg.  To  check  this,  we  plot  in  Figure  5  the  gradient  of  the 
crustal  data  shown  in  Figure  4. 

This  analysis  shows  that  all  the  paths  have  significant  variations  in  crustal  parame¬ 
ters.  Figure  3(a)  shows  that  the  best  separation  of  the  Lop  Nor  explosion  and  earthquakes 
occurs  in  central  Tien  Shan,  which  are  the  earthquakes  near  Lop  Nor.  Figures  4  and  5 
show  that  WMQ  is  in  a  sedimentary  basin.  At  about  300  km,  the  Pn/Lg  ratios  increase  sud¬ 
denly,  perhaps  caused  by  a  local  blockage.  Beyond  this  distance,  there  appears  to  be  a 
gradually  increasing  trend  in  the  Pn/Lg  ratios  with  distance  with  no  apparent  blockages, 
although  that  trend  is  much  stronger  than  the  Scandinavian  trend.  This  may  reflect  partial 
blockages  along  all  the  paths,  although  differences  in  source  mechanism  and  higher  anelas- 
tic  attenuation  may  also  contribute  to  the  variations  in  the  Pn/Lg  ratios  for  earthquakes. 

CONCLUSIONS  AND  RECOMMENDATIONS 

This  study  has  shown  that  Scandinavian  discriminants  may  not  directly  port  to 
WMQ  in  China  because  of  possible  blockages  of  Lg  beyond  300  km.  The  station  WMQ  is 
situated  in  the  southern  part  of  the  fault-bounded  Dzungarian  Stable  Block  which  contains 
up  to  10  km  of  sediments  (Terman  and  Woo,  1967),  as  shown  in  Figure  1  right. 
Earthquakes  in  or  near  Lop  Nor  occurred  in  the  foldbelt  between  this  basin  and  the  Tarim 
Basin.  This  path  seems  to  propagate  Lg  efficiently.  All  the  other  paths  to  WMQ  pass 
through  major  fault  bounded  basins  which  may  block  the  Lg  arrivals.  Tectonic  features  of 
this  magnitude  do  not  occur  in  Scandinavia,  so  that  a  more  severe  Pn/Lg  correction  will 
have  to  be  inferred. 

We  conclude  that  crustal  cross  sections  of  the  kind  shown  in  Figures  4  and  5  can 
provide  valuable  information  about  possible  blockages  of  Lg  to  determine  of  Pn/Lg  dis¬ 
criminants  can  be  directly  to  a  new  region.  We  plan  to  determine  if  quantitative  measure¬ 
ments  of  path  characteristics,  such  as  those  of  Zhang,  et  al.  (1994),  correlate  with  Pn/Lg 
ratios  measured  at  high  frequencies  and  at  regional  distances  which  may  be  useful  for 
correcting  Pn/Lg  discriminants  for  blockage  effects  on  Lg. 
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Objective 

Particularly  important  issues  for  Comprehensive  Test  Ban  Treaty  (CTBT)  and 
non-proliferation  monitoring  are  extending  discrimination  capabilities  to  lower 
magnitude  levels  and  into  new  geographic  regions.  A  consequence  of  this  change  in 
monitoring  emphasis  is  that  different  types  of  seismic  sources  and  nuclear  testing 
scenarios  begin  to  play  a  role  in  the  discrimination  problem.  S-CUBED  has  been 
conducting  research  on  regional  seismic  discrimination  of  several  of  these  different 
source  types.  In  particular,  since  the  iast  review  meeting,  we  have  completed  work  on 
one  contract  aimed  at  assessing  the  nature  of  the  seismic  discrimination  problem  for 
rockbursts  and  related  mining-induced  events  worldwide  and  at  identifying  some 
potential  regional  discrimination  methods  to  distinguish  them  from  other  sources. 

•  Results  from  these  studies  indicate  some  promising  differences  in  the  relative 
excitation  of  regional  phases  and  in  their  frequency  content  between  rockbursts, 
earthquakes,  and  explosions.  In  addition,  we  are  currently  working  on  another  project 
to  investigate  the  identification  problems  associated  with  small  or  decoupled  nuclear 
explosions  near  a  low  monitoring  threshold  (e.g.  1-kt  decoupled,  2.5  mb).  Our  initial 
efforts  in  this  area  have  focused  on  using  Mueller-Murphy  source  scaling  to  produce 
representative  seismograms  at  regional  array  stations  for  these  low-threshold  nuclear 
explosions.  These  will  then  be  used  to  test  monitoring  capability  and  discrimination 
techniques. 

Research  Accomplishments 

With  regard  to  rockbursts  our  observations  were  directed  at  data  from  two 
regions:  Central  Europe  and  South  Africa.  In  both  regions  rockbursts  have  been 
frequent  and  occasionally  large  (with  magnitudes  sometimes  exceeding  5  mb).  We 
analyzed  digital  waveform  data  from  a  variety  of  sources,  including  the  ARPA  regional 
arrays,  SRO/ASRO,  DWWSSN,  Russian  IRIS,  and  GSETT-2  stations,  for  rockbursts 
and  contrasting  source  types  with  similar  epicentral  distances  and  propagation 
conditions.  A  variety  of  time-domain  and  spectral  analyses  were  performed  on  the 
waveforms  for  selected  events.  For  the  far-regional  and  regional  waveforms,  we 
investigated  the  relative  excitation  of  P,  S,  and  Lg  signals  in  both  the  time  and  spectral 
domains.  For  many  larger  events  we  compared  complexity  and  spectra  of  the 
teleseismic  P  and  Ms  versus  mb  between  events. 

Figure  1  shows  the  map  of  Central  Europe  with  the  location  of  several 
rockbursts,  an  earthquake,  and  a  mineblast  which  were  recorded  by  one  or  more  of 
the  far-regional  stations  shown.  We  performed  band-pass  filter  analyses  of  the 
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NORESS  center-element,  vertical-component  records  for  the  earthquake  and  the  three 
rockbursts  from  Figure  1.  The  analyses  revealed  that  S  and  S  coda  were  the 
prominent  secondary  phase  with  little  evidence  of  distinct  Lg  except  at  lower 
frequencies.  S/P  ratios  were  computed  by  dividing  the  maximum  amplitudes  in  the 
respective  phase  windows  for  each  frequency  band.  These  S/P  ratios  are  presented 
in  Figure  2.  The  ratios  are  largest  for  the  earthquake  and  less  for  the  rockbursts  at  all 
frequencies.  However,  some  rockbursts,  like  the  5/16/91  German  event,  tend  to  have 
S/P  ratios  closer  to  those  of  the  earthquake  at  high  frequencies.  Referring  back  to 
Figure  1 ,  it  may  be  noteworthy  in  this  regard  that  propagation  paths  would  appear  to 
be  closest  for  the  earthquake  and  the  5/16/91  rockburst  which  suggests  that  some  of 
the  greater  differences  in  the  high-frequency  ratios  between  the  earthquake  and  other 
rockbursts  may  be  propagation  related.  The  signal-to-noise  ratio  (S/N)  was  generally 
low  for  the  small  mineblast  at  this  distance,  particularly  for  high-frequency  S,  which 
prevented  comparison  of  its  S/P  spectral  ratio  with  other  events.  However,  it  should  be 
noted  that  S/P  ratios  computed  at  far  regional  distances  for  nuclear  explosions  in  other 
regions  of  Eurasia  typically  produce  values  well  below  one  at  frequencies  above 
about  2  Hz  (Bennett  et  al.,  1992). 

We  also  analyzed  nearer  regional  observations  for  several  Central  European 
events  with  different  source  types.  Figure  3  shows  the  locations  of  a  Polish  rockburst, 
a  Netherlands  earthquake,  and  a  Swiss  munitions  blast,  all  having  comparable 
magnitudes  and  recorded  at  GRFO.  Figure  4  shows  the  vertical-component  records 
for  the  three  events.  Lg  phases  produced  the  largest  signals  on  the  broad  band 
recordings;  while  S  phases,  expected  at  the  beginning  or  just  prior  to  the  Lg  windows, 

•  are  not  separated  or  distinct  on  the  records.  The  Pg  phases  are  strongest  for  the 
Swiss  munitions  blast  and  Polish  rockburst,  and  Pn  is  strongest  for  the  rockburst.  The 
maximum  amplitude  levels  at  GRFO  were  quite  similar  for  all  three  events.  Fourier 
spectral  analyses  of  the  Pn,  Pg,  and  Lg  signals  showed  S/N  above  one  over  a  band 
from  about  0.5  to  6  Hz.  Lg/Pg  spectral  ratios  over  this  band  were  somewhat  oscillatory 
but  tended  to  be  highest  (well  above  one)  for  the  earthquake,  least  (well  below  one) 
for  the  explosion,  and  intermediate  (above  one)  for  the  rockburst.  This  observation  is 
in  general  agreement  with  results  for  South  Africa  where  Lg/P  spectral  ratios  were 
above  one  over  a  broad  band  for  both  rockbursts  and  earthquakes  (Bennett  et  al., 
1993). 

Although  teleseismic  signals  are  not  always  apparent  for  rockbursts,  we  were 
able  to  compare  teleseismic  P  spectra  for  some  of  the  larger  Central  European  events. 
We  analyzed  data  from  a  common  network  of  eight  stations  for  the  large  German 
rockburst  (4/13/89)  and  the  Netherlands  earthquake  (4/13/92)  shown  in  Figure  1 
above  and  for  a  large  Polish  rockburst  (6/29/89,  4.7  mb).  P/P  spectral  ratios,  over  the 
available  frequency  band  from  0.5  to  4  Hz,  revealed  some  differences  between  the 
events.  The  earthquake  tended  to  be  richer  in  high  frequencies  than  the  4/13/89 
German  rockburst  while  the  ratios  for  the  6/29/89  Polish  rockburst  and  the  earthquake 
tended  to  be  flat  with  frequency.  If  these  trends  are  related  to  source  variations,  they 
may  indicate  differences  in  mechanism  between  the  German  rockburst  (thought  to  be 
more  typical  of  a  collapse  event)  and  the  Polish  rockburst  (probably  more  shear  or 
earthquake-like). 

Finally,  Ms  measurements  are  seldom  reported  for  rockburst  events;  in  most 
cases  the  events  are  too  small  to  produce  long-period  surface  waves  at  teleseismic 
station  networks.  For  Central  Europe  and  South  Africa,  we  found  a  sample  of  nine 
rockbursts  and  three  earthquakes  with  Ms  measurements  reported  in  the  NEIC 
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Figure  3.  Locations  of  events  used  in  discrimination  analysis  at  GRFO. 


catalogs.  Four  of  the  12  events  (including  *wo  of  the  earthquakes)  had  Ms  values 
within  0.3  magnitude  units  of  mb,  while  four  of  the  rockbursts  had  Ms  values  more  than 
one  magnitude  unit  lower  than  mb.  This  tendency  for  rockburst  Ms  values  to  be  low 
relative  to  mb  appears  to  be  confirmed  by  other  observations  (Bennett  et  al.,  1994)  and 
suggests  a  potential  problem  for  using  the  Ms/mb  discriminant  to  distinguish 
rockbursts  from  explosions. 

With  regard  to  our  investigation  of  discrimination  problems  associated  with 
small  and  decoupled  nuclear  tests,  we  have  been  attempting  to  simulate  far-regional 
signals  by  applying  source  scaling  theory  to  observed  waveforms  from  larger  events. 
Kvaerna  (1991)  used  a  simple  frequency-independent  magnitude  scaling  of  NZ 
nuclear  explosion  signals  to  test  detection  threshold  monitoring  at  the  ARPA  regional 
arrays.  In  our  approach  we  have  used  the  more  elaborate  Mueller-Murphy  source 
scaling  theory  (Mueller  and  Murphy,  1971)  which  accounts  for  not  only  the  reduction  in 
amplitude  but  also  the  shift  towards  higher  frequencies  at  lower  yields.  Furthermore, 
our  ultimate  interest  goes  beyond  detection  thresholds  to  investigation  of  the  reliability 
of  regional  discrimination  for  low-yield  and  decoupled  nuclear  tests  in  the  monitoring 
environment. 

According  to  Mueller-Murphy  source  scaling  theory,  the  source  spectral  ratio  for 
a  spherically-symmetric  explosion  model  is  given  by 

2  op 

S2(co)  P2(a>)  rel2  °bl  +  1  ^o1  m  '  P  ^ 

Si  (to)  pi  (to)  reli  +  j  (o0 2  to  -  p  ©2 

where  reli  and  rel2  are  the  elastic  radii  of  the  two  sources  at  which  the  spherically 
symmetric  pressures  pi  (co)  and  p2(co)  act  and 
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with  a  the  P-wave  velocity  and  X  and  p  the  Lame  constants  characteristic  of  the  source 
medium.  At  a  common  source  depth  in  a  fixed  medium  p2(co)  =  pi  (to),  and  the 
expression  for  the  source  spectral  ratio  is  simplified.  In  the  low-frequency  limit  the 
modulus  of  this  source  spectral  ratio  is  equivalent  to  the  cube  of  the  ratio  of  the  elastic 
radii,  which  just  equals  the  ratio  of  the  yields;  and  at  the  high-frequency  limit  it  is  equal 
to  the  ratio  of  the  elastic  radii,  which  just  equals  the  cube-root  of  the  yield  ratio. 

As  an  initial  test  of  the  methodology  and  to  provide  a  relatively  clean  example, 
we  have  used  this  scaling  theory  to  modify  the  available  records  at  the  ARPA  regional 
arrays  in  Scandinavia  (viz.  NORESS,  ARCESS  and  FINESA)  from  two  NZ  nuclear 
explosions  (12/04/88,  5.7  mb  and  10/24/90,  5.7  mb)  and  a  Russian  PNE  (7/18/85,  5.0 
mb).  Epicentral  distances  were  between  1100  km  and  2300  km.  The  signals  were 
scaled  down  from  their  original  yields  (estimated  from  mb)  to  fully-decoupled  1-kt  and 
then  added  to  available  noise  segments.  The  noise  segments  are  about  one  hour  in 
duration.  The  noise  segments  were  arbitrarily  selected  and  are  thought  to  represent 
typical  (not  maximum  or  minimum)  noise  levels  at  each  array. 
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Figure  5.  Examples  of  source-scaling  process  applied  to  NZ  explosion  at  ARPA  arrays 
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Figure  5  illustrates  the  results  of  the  scaling  process  for  limited  waveform 
segments  which  include  the  P  through  Lg  windows  for  the  center  element  at  each 
array.  The  first  group  of  three  traces  shows  the  original  records  for  the  10/24/90  NZ 
explosion  at  each  array.  The  next  group  shows  the  same  signals  scaled  down  to  1  -kt 
decoupled  using  Mueller-Murphy  theory.  The  reduction  in  amplitude  is  obvious  while 
the  frequency  shift  is  more  subtle.  The  third  group  of  three  traces  shows  the  scaled 
traces  added  into  the  representative  noise  segments.  The  scaled  signal  amplitudes 
are  at  or  below  the  broad-band  noise  levels  and  difficult  to  discern.  The  final  group  of 
traces  shows  band-pass  filtered  versions  of  the  preceding  group  of  traces  for  the 
passband  6-12  Hz;  S/N  was  generally  lower  in  other  passbands.  The  1  -kt  decoupled 
explosion  signal  is  apparent  only  at  ARCESS  and  barely  rises  above  the  background 
noise  at  FINESA.  Such  limitations  on  detectability  and  usable  passband  are  expected 
to  have  important  implications  for  discrimination  monitoring  at  low  thresholds. 
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For  rockbursts  our  investigations  suggest  that  there  are  differences  in  the 
relative  amplitudes  and  frequency  content  of  regional  signals  which  may  be  useful  in 
distinguishing  between  rockbursts,  earthquakes,  and  explosions.  However,  other 
traditional  discriminant  measures  (e.g.  Ms  versus  mb)  may  tend  to  provide  false 
indication  of  rockburst  events  as  explosions.  Furthermore,  anecdotal  and  other 
evidence  indicates  the  possibility  that  at  least  some  types  of  rockburst  may  be 
triggered  deliberately,  which  suggests  that  the  opportunity  for  clandestine  testing  of 
small  nuclear  weapons  accompanying  such  events  cannot  be  dismissed  without 

•  additional  investigation.  For  small  or  decoupled  nuclear  explosions  approaching 
thresholds  of  interest,  our  preliminary  results  indicate  that  usable  signals  at  regional  to 
far-regional  distances  may  be  constrained  to  quite  limited  high-frequency  bands.  It 
seems  critical  that  regional  discrimination  techniques  be  evaluated  with  consideration 
to  the  limitations  on  amplitude  and  frequency  content  of  the  signals  expected  from 
such  small  events. 
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1.  Objectives 

The  goal  of  the  investigation  in  the  Norwegian  Sea  is  to  assess  the  usefulness  of 
SOSUS  as  a  tool  for  seismology  and  to  further  our  understanding  of  seismoacoustic  wave 
propagation  in  ocean  basins.  Analysis  of  earthquake  detection  levels  and  our  ability  to 
characterize  both  natural  and  manmade  seismic  sources  will  determine  how  reliably  the  Navy 
hydrophone  arrays  can  supplement,  or  even  replace,  seismometer  arrays  on  land. 

2.  Setting  and  Approach  for  the  Investigation 

The  Norwegian  Sea  offers  a  unique  setting  for  assessing  SOSUS  use  for  seismology 
due  to  the  existing  combination  of  seismic  activity,  instrumentation  and  varied  oceanographic 
conditions  (Figure  1).  The  different  seismic  sources  in  the  region  provide  a  range  of  signal 
types  and  locations  (e.g.  Vogt,  f  986):  large  oceanic  earthquakes  from  transform  faults  along 
the  plate  boundary  between  Iceland  and  Svalbard;  smaller  oceanic  earthquakes  associated 
with  volcanic  eruptions  along  the  rifting  portion  of  the  plate  boundary;  mining  explosions  on 
land;  slope  failure  events  on  the  continental  shelf.  Several  types  of  recordings  of  Norwegian 
Sea  seismic  activity  are  available  from  instruments  whose  capabilities  dovetail  each  other:  the 
Global  Seismic  Network  (GSN);  the  seismometer  arrays  in  Norway  and  on  Spitsbergen;  and 
the  SOSUS  acoustic  arrays.  The  geological  and  oceanographic  character  of  the  Norwegian 
basin  differs  from  south  to  north  and  from  east  to  west.  The  seafloor  just  north  of  Iceland  is 
fairly  shallow  and  smoothly  varying;  north  of  the  Jan  Mayen  Fracture  Zone,  depths  increase 
and  the  topography  is  generally  rougher.  The  shape  of  the  continental  slope  varies  notably 
around  the  basin  influencing  the  quality  of  coupling  of  acoustic  to  seismic  energy  at  the 
sea/land  interface.  The  southern  part  of  the  Nordic  sea  has  a  reasonably  well  developed 
sound  (SOFAR)  channel  whereas  to  the  north  there  is  not  a  strong  low  velocity  axis  at  the 
1000m  depth  typical  of  the  northern  Atlantic.  Winter  ice  cover  significantly  alters  the  sound 
profile  of  the  ocean  in  the  western  Norwegian  Sea  (Hurdle,  1986). 

The  Norwegian  Sea  seismoacoustic  investigation  has  three  main  phases:  1 )  acquisition 
and  compilation  of  the  different  acoustic  and  seismic  datasets;  2)  characterization  of  the  data 
and  of  the  relationship  between  signal  type  and  geophysical  setting;  3)  numerical  simulation 
of  the  generation  and  propagation  of  acoustic  energy  (T-phases). 

3.  Initial  Results  F rom  the  First  Phase 

The  first  phase  is  currently  underway  with  data  from  the  Norwegian  seismic  arrays 
being  transferred  daily  to  Scripps  Institution  of  Oceanography  (SIO)  for  events  detected  by 
operators  at  the  Center  for  Seismic  Studies  (CSS).  The  link  to  the  SOSUS  acquisition  system 
is  currently  being  installed  at  Keflavik  by  our  colleague  at  the  Naval  Research  Lab  (NRL). 
These  data  will  be  archived  at  NRL  and  the  location  of  acoustic  events  will  be  completed  in 
the  classified  facility  there.  A  more  general  synthesis  of  the  historic  patterns  of  seismicity  in 
the  Norwegian  Sea  is  underway  at  SIO. 

Preliminary  analysis  of  27  months  of  data  from  1989  to  1992  suggests  that  several 
event  locations  determined  by  the  Intelligent  Monitoring  System  (IMS)  at  CSS  may,  in  fact, 
reflect  the  location  that  the  T-phase  is  converted  at  the  slope  (Figure  2).  Out  of  371  events 
listed  by  IMS  for  the  period,  16%  are  located  along  the  steep  slope  of  the  eastern  Norwegian 
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Sea  basin.  Five  of  these  slope  events  off  Spitsbergen  are  co-detected  by  the  GSN  and  are 
listed  in  the  USGS  Preliminary  Determination  of  Epicenters  (PDE)  but  with  locations  on  the 
Knipovich  spreading  center.  This  suggests  that  acoustic  energy  from  sources  in  the  basin 
interior  can  propagate  some  distance  in  the  ocean  before  coupling  into  seismic  waves  at  the 
continental  slope.  Apparently  the  amplitude  of  these  converted  phases  is  large  enough  to 
influence  the  determination  of  epicenters  by  IMS.  There  are  other  interesting  differences  in 
the  detection  patterns  indicated  by  the  PDE  vs  IMS  listings  for  the  period:  more  PDE  than 
IMS  events  occur  on  the  Kolbeinsy  ridge  and  the  4  out  of  8  events  that  are  listed  by  IMS  are 
all  located  many  km  down-slope  off  the  ridge  axis;  IMS  detected  40%  the  number  of  events 
that  the  PDE  listed  for  the  Jan  Mayen  transform  fault  and  one  co-detected  event  was  located 
by  IMS  down-slope  from  the  PDE  epicenter;  more  events  were  detected  by  IMS  along  the 
northeast  Mohns  ridge  than  are  listed  in  the  PDE  and  the  converse  is  true  for  the  southern 
Knipovich.  We  are  reanalysing  the  arrivals  for  several  of  the  co-detected  events  to  assess  the 
cause  of  the  differences  in  IMS  vs  PDE  source  locations.  Addition  of  the  SOSUS  data  in  the 
coming  months  will  further  allow  us  to  investigate  the  nature  of  acoustic  vs  seismic 
propagation  in  the  Nordic  Seas. 


As  our  acoustic  and  seismic  database  grows,  our  second-phase  emphasis  will  be  to 
catalogue  events  in  terms  of  source  magnitude,  signal  character  on  SOSUS  vs  at  the  land 
seismometers,  source  location  (geographic  and  depth),  and  path  of  propagation  in  the  basin. 
We  can  depend  on  standard  techniques  to  obtain  source  parameters  from  the  land  array  data. 
In  contrast,  acoustic  T-phases  are  fairly  complex  with  arrival  energy  often  building  over  a 
period  of  many  seconds  to  a  maximum  and  then  tailing  off  over  as  long  as  a  few  minutes. 
This  complexity  makes  the  task  of  using  T-phases  to  determine  source  parameters  rather 
difficult  so  we  will  initially  use  the  land-derived  parameters  for  co-detected  events  to  develop 
an  understanding  of  how  T-phase  character  (onset  time,  frequency  content,  duration, 
amplitude)  reflects  source  and  propagation  path  parameters.  For  ‘his  observational  phase  of 
the  project  our  goal  is  to  determine  how  reliably  we  can  locate  and  parameterize  events  that 
are  too  small  to  be  detected  by  the  land  arrays  but  that  are  recorded  by  the  hydrophone 
arrays. 


The  third  phase  will  require  computation  of  synthetic  seismograms  in  complex  media 
to  understand  the  excitation  and  propagation  physics  of  T-phases.  Building  on  earlier  simple 
models  by  Sereno  and  Orcutt  (1985,  1986),  the  response  of  models  of  plane-layered 
structures  with  realistic  water  column  structure  will  be  computed.  This  wavenumber 
integration  method  will  illustrate  the  character  and  composition  of  Pn,  Sn  and  T  arrivals  as  a 
function  of  structure,  source  mechanism  and  source  depth.  We  will  model  the  interaction  of 
elastic  and  acoustic  waves  at  a  rough,  sloping  seafloor  to  understand  the  coupling  of  high 
phase  velocity  earthquake  waves  into  lower  phase  velocity,  acoustic  waves  using  other 
advanced  numerical  approaches  (Kirchoff-Helmholtz,  Finite  Difference  (FD)  and  hybrid  FD- 
Maslov  methods). 
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Figure  1.  Map  of  the  Norwegian  Sea  study  area  with  Iceland  to  the  south,  Greenland  to  the 
west,  Norway  and  Spits  Bergen  to  the  southeast  and  .  \  respectively.  Shading  indicates 

seafloor  depth  with  darkness  increasing  in  steps  of  7'.  ;rom  the  500m  continental  shelf 
edge  to  4000m  in  the  basin.  The  Jan  Mayen  Fractu  Zone  (JMFZ)  a  source  of  large 
transform  fault  earthquakes  is  indicated.  The  spreading  centers  are  shown  by  the  shallow 
ridges:  Kolbeinsy  Ridge  between  Iceland  and  Jan  Mayen;  Mohns  Ridge  extending  northeast 
from  Jan  Mayen;  Knipovich  Ridge  striking  north  past  Svalbard.  The  rift  axes  of  the  latter  two 
ridges  have  deep  valleys  in  contrast  to  the  Kolbeinsy  Ridge. 
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Figure  2.  Earthquakes  detected  by  the  GSN  (+)  and  by  the  land  arrays  (dots)  from  Oct  1989 
to  Dec  1992.  This  illustrates  the  number  and  distribution  of  events  that  we  will  observe  during 
our  study.  15%  of  the  events  were  listed  in  both  catalogues;  the  connecting  lines  show  misfit 
between  the  PDE  and  the  IMS  locations-  a  problem  we  will  address  in  our  study.  Smaller 
events  will  be  detected  by  the  SOSUS  arrays  alone  and  we  will  assess  the  accuracy  with  which 
we  locate  these  sources. 
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The  crust  and  uppermost  mantle  are  the  most  strongly  laterally  varying  and  heterogeneous 
regions  of  the  Earth.  The  seismic  phases  Pn,Pg,  Sn,  Lg,  and  Rg,  which  are  important  to 
nuclear  verification  of  small  sources,  are  all  strongly  affected  by  this  heterogeneity, 
complicating  the  transportability  of  methods  to  detect,  discriminate  and  yield  estimate  in 
different  regions.  There  is  a  need  to  predict  the  effects  of  heterogeneous  crustal  structure 
on  regional  phase  propagation  using  geological  and  geophysical  information  for  regions  in 
which  little  or  no  seismic  recording  has  occurred.  The  computational  expense  of  a 
numerical  solution  of  the  wave  equation  in  an  arbitrarily  heterogeneous  model  have  thus  far 
limited  such  predictions  to  primarily  2-D  structure  and  low  frequency  bands.  Ray  based 
techniques  of  forward  modeling,  however,  are  sufficiently  fast  to  allow  practical 
predictions  of  efficiency  of  the  propagation  of  regional  phases  in  detailed  3-D  structures. 
The  effects  of  scattering  by  statistically  distributed  heterogeneity  can  also  be  incorporated  in 
ray  methods  by  single  scattering  theory.  The  objective  of  this  project  is  to  develop  and 
apply  the  methods  of  dynamic  ray  tracing  and  superposition  of  Gaussian  beams  to  forward 
model  regional  seismic  phases  in  three-dimensionally  varying  models  of  the  Earth's  crust. 
Goals  include  (a)  an  understanding  of  what  crustal  structures  are  most  important  in 
determining  the  efficiency  of  regional  phase  propagation,  (b)  determining  what  type  of  non- 
seismic  data  (topography,  surficially  mapped  geology,  gravity,  magnetics)  are  most  usefiil 
in  inferring  3-D  crustal  structure,  and  (c)  testing  the  success  of  a  fast  ray-based  modeling 
procedure  in  modeling  detailed  features  of  regional  waveforms.  Test  regions  of  study  are 
the  region  surrounding  the  Kyrgyz  array  in  central  Asia  and  the  southern  California 
regional  array. 

RESEARCH  ACCOMPLISHED 

Regional  seismograms  are  synthesized  by  summing  dynamically  traced  rays  and/or 
superposing  Gaussian  beams  (e.g.,  Cerveny,  1985)  in  models  of  the  crust  for  southern 
California  and  the  vicinity  of  the  Kyrgyz  array.  Moho  turning  points  of  the  rays 
comprising  the  Lg  and  Pg  phase  are  projected  in  a  map  view  to  illustrate  predicted 
efficiency  of  propagation.  To  simplify  the  description  of  rays  and  reduce  model  storage, 
the  model  parameters  are  assumed  to  be  continuous  functions  of  space.  P  and  S  velocity 
and  density  are  parameterized  by  functions: 

v(x, y,z)  =  a  +  /?tanh(z  -  h,(x,y)  /  .$,)  +  ctanh("  -  /*-,(  jc, y)  /  .v,) 

where  /i,(x,y)  and  /^(x.y)  specify  the  depth  of  the  sedimentary  basin/basement  contact 
and  depth  of  the  Moho,  respectively.  The  functions  //,  and  lu  are  given  as  continuous 
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functions  of  horizontal  coordinates  by  interpolating  digitized  surfaces  by  splines  under 
tension.  Additional  tanh  functions  can  be  added,  as  needed,  to  model  more  interfaces.  In 


southern  California,  /t,  and  are  inferred  from  surface  topography  and  gravity  data 
published  in  reviews  of  North  American  geology  (;Pakiser  and  Mooney,  1989;  Palmer  and 
Bally,  1989).  In  the  vicinity  of  the  Kyrgyz  array,  /?,  and  h,  are  taken  from  databases 
assembled  by  Fielding  et  al.  ( 1993). 


CONCLUSIONS  AND  RECOMMENDATIONS 


Synthetics  and  ray  diagrams  predict  strong  variations  in  Pg  and  Lg  efficiency  in 

both  Southern  California  and  the  Kyrgyz  .cs  1  -2).  A  plot  of  SmS  turning  points 

(e.g.,  Bostock  and  Kennett ,  1991)  in  Figure  1  strongly  suggests  that  a  strong  transition 
observed  in  Pn/Lg  amplitude  ratios  across  the  Salton  Trough  (Baker  et  al.,  1994)  is 
probably  related  to  crustal  thinning  in  this  region.  A  common  effect  of  crustal  thickness 
variation  is  either  compression  or  stretching  of  the  Lg  coda  compared  to  that  predicted  in  a 
crust  of  uniform  thickness.  It  may  be  possible  to  incorporate  this  effect  in  the  refinement  of 
regional  discriminants  based  on  the  Pn/Lg  ratio. 


With  ray  theory,  it  is  simple  to  incorporate  the  effects  of  single  scattering  (e.g.,  Wu  and 
Aki,  1982)  by  crustal  and  upper  mantle  heterogeneities  in  an  ellipsoidal  shaped  volume 
enclosing  the  source  and  receiver.  The  first  step  in  this  procedure  is  to  generate  a  catalogue 
of  dynamic  ray  tracing  results  in  volume  elements  of  the  model  by  shooting  rays  from 
source  to  receiver  and  from  receiver  to  source.  A  small  number  of  stutterers  within  the 
crust  is  sufficient  to  create  Lg  coda  having  realistic  complexity.  Intersections  of  focused 
rays  shot  from  receiver  to  source  and  source  to  receiver  can  be  used  to  infer  locations  of 
scatterers  where  scattering  can  be  amplified. 
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Figure  1.  Top:  SmS  rays  shot  at  a  constant  azimuth.  Bottom:  Synthetic  Lg  displacement 
calculated  by  summing  dynamically  traced  shear  waves  in  laterally  homogeneous  crust. 
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Figure  2.  Lg  ray  trajectories  constructed  by  connecting  SmS  turning  points  in  a 
crustal  model  of  southern  California  inferred  from  surface  topography. 
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QBIECHYE 

The  objective  of  this  research  is  to  apply  the  undistorting  group  filter  described  in 
Kushnir  et  al.  (1990)  to  the  problem  of  extracting  surface  wave  signals  in  the  5-30  sec  period  range 
from  coherent  noise  using  array  recordings.  The  motivation  for  looking  at  these  signals  is  they  are 
used  in  the  classic  (and  highly  effective)  mb-Ms  teleseismic  discriminant.  However,  there  is 
difficulty  in  analyzing  such  signals  for  small  events,  even  at  regional  distances,  because  of  earth 
noise.  While  array  analysis  techniques  have  the  potential  to  improve  the  signal  to  noise  ratio, 
simple  beamforming  is  most  effective  if  the  noise  is  not  correlated  between  sensors;  to  achieve  this, 
minimum  element  separations  of  20  km  or  even  greater  may  be  needed,  leading  to  very  large  array 
diameters  for  even  a  small  number  of  sensors.  It  would  be  desirable  to  have  processing  methods 
that  could  exploit  signals  recorded  at  smaller  arrays  where  noise  is  spatially  coherent. 

Furthermore,  it  will  be  demonstrated  by  examples  that  better  noise  suppression  may  be  achieved  by 
appropriate  analysis  techniques  than  simple  beamforming.  Because  the  objective  is  to  enhance 
signals  for  small  events  that  may  only  be  recorded  at  regional  distances,  far-regional  as  well  near-  | 
teleseismic  signals  will  be  considered;  preliminary  studies  indicate  that  long  period  measures  such 
as  seismic  moment  can  be  substituted  for  Ms  at  these  ranges  (e  g.,  Patton  and  Walter,  1993; 

Woods  et  al.,  1993). 

RESEARCH  ACCOMPLISHED 

As  an  initial  test,  presumed  Soviet  tests  at  the  East  Kazakh  test  site  recorded  at  the 
NORSAR  LP  array  (Figure  1)  were  examined.  Vertical  component  (Rayleigh)  surface  wave 
recordings  were  used.  At  this  near-teleseismic  (38  deg)  range,  the  surface  wave  train  in  the  period 
range  10-30  sec  is  not  strongly  dispersed,  and  a  velocity  of  3.5  km/sec  with  an  azimuth  of  75  deg 
was  found  adequate  for  analysis  purposes  as  representing  the  velocity  and  azimuth  of  the  signal. 

Tests  indicated  that  the  method  was  net  very  sensitive  to  this  parameter,  variations  of  0.5  km/sec  or 
10  deg  of  azimuth  did  not  have  a  large  effect. 

The  sampling  rate  of  the  data  was  one  second.  However,  as  part  of  the  application  of 
the  undistorting  group  filter,  an  autoregressive  model  is  fit  to  the  inverse  cospectral  matrix  of  the 
traces.  To  obtain  best  results,  the  Nyquist  frequency  should  not  be  much  higher  than  the  highest 
frequency  in  the  data,  otherwise  a  large  section  of  spectrum  between  the  Nyquist  and  the  highest 
frequencies  contains  no  information  but  is  nonetheless  being  fit  to  the  model.  To  limit  the 
frequency  content  we  low  pass  filtered  the  data  to  0.1  Hz  and  decimated  by  a  factor  of  two 
(Nyquist  frequency  =  0.25  Hz). 

The  filter  transfer  function  is 


K  =  H(f)G(f)/[g(f)H(f)G(f)], 


r  i 


where  H(f)  is  the  autoregressive  estimate  of  the  inverse  cospectral  matrix  C(f),  G(f)  is  the 
beamsteering  vector,  and  g(f)  is  the  complex  conjugate  of  G(f).  Capon  (1970)  gave  this  form  with 
C(f)  instead  of  H(f).  To  implement  the  filter,  we  chose  a  section  of  noise  immediately  before  the 
event  to  estimate  H(f).  Then  using  this  estimate,  we  apply  the  filter  to  the  signal.  There  are  two 
assumptions:  (1)  the  noise  does  not  change  its  statistical  characteristics  (stationarity)  (2)  the  model 
is  a  good  representation  of  these  characteristics.  A  14th  order  polynomial  model  was  used  in  this 
study. 


Figures  2, 3  and  4  show  an  example.  The  raw  data  traces  are  shown  in  Figure  2  with 
the  30  min  data  adaptation  window  (noise  window)  shown.  Figure  3  shows  a  typical  trace  within 
the  noise  window  filtered  to  0. 1  Hz  LP,  a  simple  beam  at  3.5  km/sec,  and  the  output  of  the 
undistorting  group  filter.  The  undistorting  group  filter  suppresses  the  noise  by  about  a  factor  of 
three  relative  to  the  simple  beam.  Figure  4  shows  the  application  of  the  filter  to  the  data;  the  three 
traces  are  as  for  Figure  3  but  apply  to  the  signal.  The  end  of  the  noise  adaptation  window  is 
shown  on  the  Figure,  the  noise  suppression  for  the  undistorting  group  filter  trace  continues  at  a 
high  level  up  to  an  hour  afterward.  The  time  signature  of  the  surface  waves  is  very  similar  on  the 
beam  and  filter  traces,  indicating  that  the  filter  does  not  distort  the  signal.  These  results  show  that 
assumption  (1)  is  met  and  the  procedure  may  be  used  to  enhance  surface  wave  signals  to  a  higher 
degree  than  simple  beamforming. 


Assumption  (2)  appeared  to  be  most  sensitive  to  the  length  of  the  data  adaptation 
window.  Figure  5  shows  the  same  data  as  Figure  4,  but  only  a  15  min  adaptation  window  to  the 
left  of  the  mark  is  shown.  We  see  that  while  the  filter  suppresses  the  noise  well  within  the 
adaptation  window,  it  immediately  degenerates  to  a  performance  no  better  than  the  beam  outside 
the  adaptation  window.  This  indicates  the  model  is  not  a  good  representation  of  the  noise. 


An  additional  study  was  to  test  the  filter  performance  for  different  noise  conditions  at 
NORSAR.  In  general,  the  higher  the  noise  the  better  the  performance  relative  to  beamforming. 
This  indicates  that  strong  noise  is  more  coherent  than  weak  noise  at  NORSAR. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  undistorting  group  filter  can  give  superior  enhancement  of  10-30  sec  surface  wave 
signals  at  arrays  if  about  30  min  of  noise  before  the  signal  is  available  for  noise  adaptation.  This  is 
true  even  at  NORSAR,  where  the  no;se  is  not  very  coherent  because  of  the  large  sensor  spacing. 

In  future  work  we  will  look  at  arrays  with  closer  spacing  such  as  LASA,  GRAFENBERG, 
PINYON  FLAT  and  ALIBEK. 
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ARMA  deg:P=  14  0=  0  Lf=  0  Hf=  0.10  Len=  31  Ad.md= 


Fig.  2:  Array  seismograms  from  presumed  East  Kazakh  test  at  NORSAR  LP  Array.  Window  is  data  adaptation  window. 


Application  of  undistorting  group  filter  to  adaptation  window  in  Fig.  2.  Top  trace,  array  seismogram  for  element  NA1  -01 
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ARMA  deg:P=  14  0=  0  Lf=  0  Hf=  0.10  Len=  31  Ad.md  = 


Fig.  4:  Application  of  filter  to  data  in  Fig.  2  with  data  adaptation  window  in  Fig  2.  Traces  as  for  Fig.  3. 


ARMA  deg:P=  14  0=  0  Lf=  0  Hf=  0.10  Len=  31  Ad.md= 


Fig.  5:  Application  of  filter  to  data  of  Fig.  2,  but  with  only  15  min  data  adaptation  window.  Vertical  line  is  left  edge  of 
data  adaptation  window.  Traces  as  for  Figs.  3  and  4. 
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Objective 


Whitman  and  his  coworkers  (1992)  have  noted  that  for  a 
portable  seismic  network  deployed  in  Jujuy  Province  (24°S, 
65°W),  Argentina,  P  and  S  waves  of  short  period  propagate 
beneath  the  plateau  much  more  efficiently  from  the  north  and 
northwest  than  from  the  west  and  south;  likewise,  Sn  phases 
from  regional  crustal  earthquakes  in  the  Subandean  foreland 
fold-thrust  belt  to  the  north  propagate  efficiently  to  the 
Jujuy  network,  while  Sn  is  not  observed  from  foreland 
earthquakes  located  at  similar  distances  to  the  south  of  the 
network.  Whitman  and  his  coworkers  suggest  that,  south  of 
approximately  22°S,  the  upper  mantle  beneath  the  plateau  and 
its  adjacent  foreland  is  more  highly  attenuating  than  the 
upper  mantle  further  north.  Similarly,  Minaya  and  her 
coworkers  (1989)  and  Ayala  (1994)  have  observed  that, at  the 
World-Wide  Standard  Seismograph  Network  station  at  La  Paz, 
Bolivia  (LPB;  16°32'S,  68°06'W;  3292  m),  there  is  much  greater 
attenuation  of  Lg  waves  of  periods  of  approximately  1.2  s  from 
the  Western  Cordillera  to  the  west  of  La  Paz  than  from  the 
Brazilian  and  Guyana  Shields  to  the  east;  Ayala  (1994)  gives 
different  formulas  for  Lg  equivalent  body  wave  magnitude  and 
different  exponential  decays  of  the  maximum  amplitude  of  the 
Lg  waves  with  distance  (0.2/degree  from  the  west,  and 
0.09/degree  from  the  east).  The  Western  Cordillera  appears  to 
be  highly  attenuating  at  these  short  periods.  Isacks  (1988), 
Ayala  (1991)  and  Cahill  and  Isacks  (1992)  have  mapped  the 
warping  of  the  Nazca  plate  under  South  America.  It  appears  to 
be  approximately  flat  from  the  Bucaramanga  (07°08'N,  73°09'W) 
nest  of  earthquakes  of  intermediate  depth  in  northern  Columbia 
to  14°S  in  southern  Peru.  At  15°S  there  is  a  sharp  flexure  of 
the  plate  and  its  dip  under  Bolivia  is  approximately  30°. 
There  is  a  gradual  transition  southward  to  nearly  horizontal 
dip  in  the  region  from  28°S  to  32°S  beneath  western  Argentina. 
At  33°S  there  is  another  sharp  flexure  of  the  plate  to  a  dip 
of  approximately  30°.  In  addition,  there  is  an  elbow'  in  the 
Peru-Chile  trench  near  Arica  (18°29'S,  70°20'W)  and  this 
causes  extreme  complexity  in  the  structure  of  the  Eastern 
Cordillera  and  the  Subandean  Zone  in  central  Bolivia  (18°S, 
66°W).  Vega  and  Buforn  (1991)  have  investigated  the  focal 
mechanisms  of  earthquakes  in  this  region.  As  a  result  of  the 
consequent  'elbow'  in  the  Nazca  plate,  there  are  two  main 
bands  of  associated  deep  earthquakes,  one  from  06°. 5S,  71°. 5W, 
to  11°. 5S,  71°. 0W,  in  western  Brazil  and  southern  Peru,  and 
the  other  from  19°. OS,  63°. 5W,  to  28°. 5S,  63°. 0W,  in  southern 
Bolivia  and  northern  Argentina  (Okal  et  al .  ,  1994).  On  9  June 
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Figure  1.  Morphological  zoning  of  the  Central  Andes  in  the 
region  of  Bolivia. 
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Figure  2.  Geological  and  structural  cross  section  northeast 
from  Nevado  Sajama. 

1994,  a  deep  event  that  was  felt  as  far  away  as  Toronto,  in 
Canada,  occurred  between  these  zones  (Harvard  centroid  time 
and  location,  00:33:44.4,  13°.81S,  67°.20W,  depth  657.4  km;  Mw 
8.3).  The  aim  of  this  research  is  to  study  this  extraordinary 
region  in  Bolivia  and  to  its  northwest  and  south,  and  model 
the  propagation  of  Rayleigh  and  Love  waves  of  long  and  short 
periods  by  the  finite  element  method  in  the  frequency  domain. 
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TABLE  1 


MODEL  OF  THE  EASTERN  CORDILLERA  TO  A  DEPTH  OF  920  KM 


Layer 

Compressional 

Shear  Density 

Poisson  ' 

s  Quality 

thickness  velocity 

velocity 

g/cm3 

ratio 

factor 

km 

km/s 

km/s 

Q 

4.0 

5.00 

2.97 

2.70 

0.227 

30 

7.0 

5.60 

3 . 33 

2 . 70 

0.227 

40 

13.0 

6.00 

3.51 

2.75 

0.240 

50 

8.0 

6.10 

3.52 

2.75 

0.250 

60 

15.0 

6.20 

3 . 58 

2 . 75 

0.250 

80 

6.0 

6.50 

3.75 

2.83 

0.251 

100 

6.0 

5.90 

3.41 

2.83 

0.249 

50 

6.0 

6.50 

3.75 

2.95 

0.251 

200 

10.0 

8.10 

4.74 

3.24 

0.240 

400 

10.0 

8.10 

4.74 

3.30 

0.240 

400 

10.0 

8.10 

4.74 

3.35 

0.240 

400 

14.0 

8.10 

4.74 

3.36 

0.240 

400 

15.0 

8.10 

4.74 

3.37 

0.240 

400 

20.0 

7.85 

4.46 

3.38 

0.262 

80 

20.0 

7.85 

4.46 

3.39 

0.262 

80 

20.0 

7.85 

4.46 

3.40 

0.262 

80 

20.0 

7.85 

4.46 

3.41 

0.262 

80 

20.0 

7.85 

4.46 

3.43 

0.262 

80 

26.0 

8.62 

4.54 

3.44 

0.308 

143 

26.0 

8.69 

4.58 

3.46 

0.308 

143 

34.0 

8.77 

4.62 

3.47 

0.308 

143 

34.0 

8.87 

4.67 

3.49 

0.308 

143 

40.0 

8.97 

4.67 

3.52 

0.307 

143 

40.0 

9.08 

4.79 

3.54 

0.307 

143 

50.0 

9.60 

5 .09 

3.80 

0.304 

143 

50.0 

9.70 

5.18 

3.86 

0.301 

143 

50.0 

9.80 

5.26 

3.92 

0.298 

143 

50.0 

9.89 

5.35 

3.98 

0.293 

143 

50.0 

9.99 

5.43 

4.05 

0.290 

143 

50.0 

10.97 

6. 13 

4 . 39 

0.273 

312 

50.0 

11.05 

6.17 

4.42 

0.273 

312 

50.0 

11 .  14 

6.21 

4.45 

0.275 

312 

50.0 

11.22 

6 . 25 

4.48 

0.275 

312 

50.0 

11.30 

6.28 

4.51 

0.277 

312 

Research 

i  Accomplished 

The  Bolivian  Andean  Cordillera 

forms 

part  of  the  Andean  chain, 

which  originated  in  two  major  orogenic 

cycles  of 

the 

Phanerozoic,  the  Late 

Precambr ian-Paleozoic  Preandean  Cycle 

and  the 

Mesozoic-Cenozoic  Andean 

Cycle 

( Omar  in i 

et  al .  ,  1991  )  . 

During 

the  Preandean  Cycle, 

huge 

depocenters  developed 

successively  further 

westward , 

from 

the  Subandean  Ranges  in 

Bolivia 

and  northern 

Argentina 

to  the 

Longitudinal  Valley  and 

Coastal 

Cordillera  in 

Chile  (Figure 

1;  Castafios  and  Rodrigo, 

1978,  p 

41;  Instituto  Geografico 

Mil  i  tar , 

1985,  p.  166; 

Ahlfeld, 

1972,  p.  40). 

During  the  Andean  Cycle, 

four  magmatic 
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TABLE  2 


TOP  20  M  OF  MODEL  OF  THE  ALTIPLANO  REGION 


Layer 

Compressional 

Shear 

Density 

Poisson  '  s 

Quality 

thickness 

velocity 

velocity 

g/cm3 

ratio 

factor 

km 

km/s 

km/s 

Q 

7.0 

4.50 

2.70 

2.50 

0.219 

20 

7.0 

5.00 

2.97 

2.70 

0.227 

30 

6.0 

5.40 

3 . 21 

2.70 

0.227 

40 

LOVE  WAVE  DISPLACEMENT 

DEPTH  VARIATION,  3.5,  2  S 


DEPTH,  KM 


C0.3.5S  ~*r~  CO.2.  S  AL.3.5S  AL2.  S 


Figure  3.  Normalized  variation  of  fundamental  Love  mode 
displacement  with  depth  at  periods  of  3.5  s  and  2.0  s  for  the 
regions  of  the  Eastern  Cordillera  and  the  Altiplano. 

arc  systems  developed  successively  eastward:  a  Jurassic-Early 
Cretaceous  arc  in  the  Coastal  Cordillera  a  Mid-Cretaceous  arc 
in  the  Longitudinal  Valley,  a  Late  Cretaceous-Paleogene  arc  in 
the  Chilean  Precordillera  and  the  Miocene-Holocene  arc  in  the 
Western  Cordillera  (Dorbath  et  al.  1993).  In  the  region  of 
Main  Andean  Thrust.  between  the  Eastern  Cordillera  and  the 
Subandean  Ranges  in  northern  Bolivia,  there  is  overlap  of 
approximately  230  km  of  Neogene  age  (Roeder,  1988;  cf. 
Allmendinger  et  al.,  1990).  This  is  what  keeps  the  marine  I 


RAYLEIGH  WAVE  DISPLACEMENT 

VARIATION  WITH  DEPTH,  3.5  S 


CORD..H  CORD..V  ALT1..H  ALU.V 


Figure  4.  Normalized  variation  of  horizontal  and  vertical 
fundamental  Rayleigh  mode  displacement  with  depth  at  a  period 
of  3.5  s  for  the  regions  of  the  Eastern  Cordillera  and  the 
Altiplano . 


limestones  near  Copacabana  on  Lake  Titicaca  and  the  tightly 
folded  Silurian  diamictites,  arenites,  quartzites  and  lutites, 
exposed  abundantly  in  road  cuts  between  Cochabamba  and 
Caracollo,  at  an  elevation  of  approximately  3800  m  above  sea 
level.  The  Main  Andean  Thrust  appears  to  be  steeply  dipping 
and  the  Cordillera  Real  fault  system,  at  the  southwestern 
border  of  the  Cordillera  Real,  marks  a  subvertical  boundary, 
dipping  slightly  to  the  southwest,  which,  from  the  surface 
down  to  a  depth  of  140  km,  separates  two  strongly  contrasting 
velocity  units.  The  depth  to  the  Moho  below  the  Altiplano  is 
approximately  60  km  and,  below  the  Eastern  Cordillera,  is 
approximately  50  km.  The  propagation  of  Love  and  Rayleigh 
waves,  including  Lg  and  Rg  waves,  along  the  profile  of  Figure 
2  has  been  modelled  by  the  finite  element  method  (Lysmer  and 
Drake,  1972;  Drake  and  Bolt,  1989).  The  horizontally  layered 
structures  representing  the  regions  of  the  Eastern  Cordillera 
and  the  Altiplano  are  shown  in  Tables  1  and  2  (Ocola  et  al . , 

et  al.,  1991;  Dziewonski  and 
al.,  1975;  Morelli  and 


1971;  James,  1971;  Wigger 
Anderson,  1981;  Dziewonski  et 


75 


Dziewonski,  1993).  The  normalized  variation  of  Love  wave 
displacement  with  depth  (Lysmer  and  Drake,  1972)  at  periods  of 
3.5  s  and  2.0  s  for  the  regions  of  the  Eastern  Cordillera  and 
the  Altiplano  is  shown  in  Figure  3.  The  normalized  variation 
of  Rayleigh  wave  horizontal  and  vertical  displacement  with 
depth  (Lysmer  and  Drake,  1972)  at  a  period  of  3.5  s  for  the 
regions  of  the  Eastern  Cordillera  and  the  Altiplano  is  shown 
in  Figure  4. 


Conclusions  and  Recommendations 


It  can  be  seen  from  the  shapes  of  the  fundamental  Love  modes 
in  Figure  3  and  from  the  shapes  of  the  fundamental  Rayleigh 
modes  in  Figure  4  that  the  models  of  the  regions  of  the 
Eastern  Cordillera  and  the  Altiplano  in  Bolivia  so  far 
published  do  not  account  for  much  change  in  these  waves  when 
they  cross  these  regions.  Absorption  of  Lg  in  the  Western 
Cordillera  is  probably  connected  with  heat  and  the  volcanism 
there  since  the  beginning  of  the  Neogene  (Omarini  et  al . , 
1991).  At  present,  an  enormous  amount  of  seismic  investigation 
is  taking  place  into  the  irregular  earth  structure  in  the 
region  of  Bolivia  (Beck  et  al.,  1994;  Soler,  personal 
communication;  Okal  et  al.,  1994).  The  results  of  this 
investigation  will  need  to  be  incorporated  into  finite  element 
and  other  models  in  order  to  understand  better  the  propagation 
of  seismic  waves  in  the  region  of  Bolivia. 
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Objective 

We  are  adapting  the  seismic  tomographic  techniques  developed  in  global  scale  studies  to 
the  regional  scale  problem  of  mapping  the  elastic  and  anelastic  material  properties  beneath 
Eurasia.  The  first  objective  of  this  research  is  to  obtain  a  tomographic  seismic  velocity 
model  for  the  structure  beneath  Eurasia  with  a  horizontal  resolution  corresponding  to  at 
least  /  =  20,  consistent  with  the  widest  possible  range  of  seismological  observations.  A 
second  objective  is  to  evaluate  the  utility  of  such  three-dimensional  models  in  event  location 
algorithms. 

Research  Accomplished 

In  order  to  achieve  reliable  higher  resolution  models,  our  approach  is  to  develop  new  datasets 
and  to  gradually  modify  the  model  parameterizations  so  as  to  resolve  increasingly  more  de¬ 
tailed  structures.  We  validate  the  models  by  performing  predictive  calculations  of  indepen¬ 
dent  observations,  such  as  absolute  event  locations  and  other  seismological  datasets. 

Over  the  past  year,  we  have  made  progress  in  four  main  areas: 

(1)  We  have  obtained  a  spherical  harmonic  degree  12  global  mantle  model  of  P  and  5  wave 
velocities  based  on  waveform  data,  ISC  travel  times,  and  new  waveform  measurements  of 
absolute  and  differential  travel  times. 

(2)  By  relocation  of  a  set  of  large  explosions  with  known  hypocentral  coordinates,  we  have 
verified  that  the  new  3-dhnensional  model  significantly  improves  teleseismic  locations  with 
respect  to  those  obtained  from  the  standard  travel  time  tables  IASP91,  JB,  and  PREM. 

(3)  With  the  purpose  of  better  constraining  the  velocities  in  the  top  200  km  of  the  upper 
mantle,  we  have  collected  a  very  large  dataset  of  Love  and  Rayleigh  dispersion  measurements 
in  the  period  range  35-140  seconds. 

(4)  The  new  dispersion  observations  have  been  used  together  with  previous  datasets  in  a 
three-dimensional,  /  <  20  inversion  for  S-wave  velocities  in  the  upper  mantle. 

Degree  12  P  and  S  model  -  A  joint  dataset  of  ISC  and  digital  data  were  used  to  simul¬ 
taneously  invert  for  P  and  S  models  of  the  Earth.  This  type  of  joint  inversion  may  provide 
answers  to  the  question  of  the  nature  of  elastic  heterogeneity  in  the  Earth’s  mantle.  The 
deviation  of  the  ratio  7(1")  =  (din  vs)/{d\n  vp)  from  a  proportionality  constant  varying  only 
as  a  function  of  r  would  indicate  a  chemical  rather  than  thermal  cause  of  heterogeneity.  It 
has  been  known  for  some  time  that  the  P  and  S  velocity  anomalies  are  correlated.  In  a  joint 
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inversion  which  uses  this  as  an  a  priori  weak  assumption,  it  possible  to  obtain  realistic  and 
practically  useful  models  of  P  wave  heterogeneity  even  in  areas  where  P  wave  coverage  is 
scarce. 

The  data  used  in  the  joint  inversion  include:  (1)  direct  P  and  PK P  arrivals  reported  in  the 
ISC  Bulletins  for  years  1964  to  1990;  (2)  body  wave  and  mantle  wave  waveforms;  (3)  travel- 
times  of  5  and  SS  phases  measured  from  long- period  seismograms  and  (4)  the  differential 
travel-times  of  SS  —  S  and  ScS  —  S.  For  the  starting  model  we  assumed  that  the  ratio 
d\nvs/d\nvp  is  constant;  a  proportionality  of  1.85  seems  to  be  consistent  with  most  of  the 
data.  Figure  1  shows  a  cross  section  through  the  Earth  and  the  variations  in  P  and  S  velocity 
mapped  in  the  model  PS12WM13.  There  is  a  fairly  good  overall  correlation  between  the  P 
and  S  velocity  perturbations,  but  the  proportionality  coefficient  is  greater  than  the  starting 
value  in  the  upper  mantle  as  well  as  in  the  lowermost  mantle. 

The  effect  of  3-dimensional  Earth  structure  on  event  locations  -  Teleseismic  and 
regional  travel  times  are  affected  by  elastic  heterogeneity  on  many  length  scales.  It  will 
continue  to  be  difficult  to  deterministically  account  for  the  smaller  scale  structures  in  travel 
time  calculations,  but  an  important  question  remains  whether  larger  scale  structure,  which 
can  be  mapped  by  the  methods  described  here,  contribute  significantly  to  the  travel  time 
residual  patterns.  A  second  question  is  whether  any  systematic  location  biases  exist  which 
can  be  removed  by  properly  accounting  for  large  scale  heterogeneity  in  the  location  algorithm. 
Figure  2  shows  that  the  effect  of  three-dimensional  variations  in  P  wave  velocities,  as  de¬ 
scribed  by  the  model  PS12WM13,  is  significant  at  teleseismic  distances,  and  that  P  residuals 
can  range  up  to  ±2  seconds  in  the  teleseismic  distance  range. 

In  order  to  investigate  whether  we  can  improve  event  locations  using  PS12WM13,  we  ex¬ 
tracted  ISC  travel  times  for  26  explosions  with  known  locations  and  origin  times  and  relocated 
these  in  four  different  Earth  models:  JB,  PREM,  IASP91,  and  the  three-dimensional  model 
PS12WM13.  The  r.m.s.  difference  between  the  known  origin  time  and  location  and  those 
predicted  by  individual  models  is  shown  in  the  Table  below.  Both  the  best  origin  times  and 
the  best  locations  are  found  using  the  PS12WM13  model. 


Model 

rms  misfit  to  known  origin  time  (s) 

rms  misfit  to  known  location  (degrees) 

JB 

2.3 

PS12WM13 

0.7 

0.076 

PREM 

1.0 

0.106 

IASP91 

0.9 

0.098 

Table  1.  Root  mean  square  difference  between  known  hypocentral  parameters  and  those 
found  by  inverting  traveltimes  using  a  particular  velocity  model. 


The  improvement  in  location  is  also  demonstrated  in  Figure  3,  which  shows  the  mislocation 
due  to  the  PS12WM13  model  versus  that  due  to  the  PREM  model  for  each  of  the  explosion 
events.  The  location  errors  are  systematically  lower  using  the  PS12WM13  model.  The 
IASP91  tables,  vmich  were  specifically  produced  to  update  the  JB  tables,  give  locations  no 
closer  than  t^ose  found  by  the  JB  tables. 


New  dispersion  measurements  and  a  degree  20  model  of  the  upper  mantle  We 
have  developed  an  new  automated  matched  filter  technique  for  measuring  the  amplitude  and 
phase  of  fundamental  mode  surface  waves.  Using  CMT  solutions  for  4  years  and  data  from 
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the  digital  stations  around  the  world  (GSN,  GEOSCOPE,  CDSN,  etc.)  we  have  collected 
more  than  10,000  good  quality  R 1  and  G 1  dispersion  and  amplitude  measurements.  We 
have  inverted  these  data  for  high  resolution  phase  velocity  maps  up  to  spherical  harmonic 
degree  36.  We  have  also  derived  a  new  S  wave  velocity  model,  S20U7L5,  for  the  Earth’s 
upper  mantle  parameterized  in  terms  of  spherical  harmonics  up  to  degree  20  and  radially  by 
Chebyshev  polynomials  up  to  degree  7.  In  addition  to  the  surface  wave  data,  we  have  also 
included  other  S  wave  sensitive  data  such  as  waveforms  and  traveltimes.  The  degree  20  model 
shows  many  of  the  features  seen  in  previous  tomographic  images,  but  with  sharper  horizontal 
definition.  The  deep  expression  of  continental  shields  is  the  most  prominent  anomaly  in  the 
top  of  the  mantle,  but  the  new  model  also  confirms  the  expression  of  mid-oceanic  ridges  as 
slow  anomalies  through  the  top  200  km  of  the  mantle.  Figure  4  shows  the  S  wave  velocity 
perturbation  with  respect  to  the  global  average  beneath  Eurasia  at  a  depth  of  75  km.  A 
10%  variation  in  S  velocities  is  seen  between  the  stable  shields  and  tectonically  active  areas. 
The  new  model  shows  greater  velocity  variations  in  the  uppermost  mantle  than  our  previ¬ 
ous  models,  and  provides  a  good  fit  to  the  surface  wave  dispersion  data,  which  are  highly 
sensitive  to  heterogeneity  at  these  depths.  Figure  5  shows  a  comparison  between  observed 
and  predicted  phase  anomalies  for  Love  waves  at  45  seconds  period. 

Conclusions  and  Recommendations 

By  combining  a  large  number  of  diverse  seismological  observations,  we  have  made  progress 
towards  obtaining  higher  resolution  tomographic  images  of  the  regional  scale  elastic  structure 
beneath  Eurasia.  Large  and  regional  scale  heterogeneity  in  the  mantle  is  shown  to  bias 
seismically  derived  event  locations,  and  significant  improvements  in  locations  can  be  achieved 
by  correcting  for  known  elastic  heterogeneity  in  the  Earth’s  mantle. 
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Figure  1.  Cross  sections  through  the  model  PS12WM13  showing  the  P  (cop)  and  S  (bot¬ 
tom)  wave  velocity  variations.  The  left  scale  (±0.75%)  refers  to  P  wave  velocities. 
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Figure  2.  Azimuthal  maps  centered  on  the  Kazakhstan  (top)  and  Nevada  (bottom)  nuclear 
test  sites.  Triangles  show  the  P  travel  time  anomalies  predicted  by  the  model  PS12WM13 
to  hypothetical  stations  located  in  the  distance  range  20°  to  100°. 
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Figure  4.  Shear  wave  velocity  perturbations  at  75  km  depth  beneath  Eurasia  as  imaged 
in  the  new  degree  20  model  S20U7L5. 


Figure  5.  Observed  and  predicted  phase  anomalies  for  Love  waves  at  45  sec  period. 
The  observations  are  derived  from  4311  globally  distributed  measurements  of  Love  wave 
dispersion.  The  predictions  are  made  from  the  model  S20U7L5  and  a  global  model  of  crustal 
thickness. 


84 


r  i 


A  Network-Accessible  Geological  and  Geophysical  Database 
for  Eurasia,  North  Africa,  and  the  Middle  East:  Digital 
Database  Development  for  the  Middle  East  and  North  Africa 

Eric  Fielding,  Muawia  Barazangi,  Bryan  Isacks,  and  Dogan  Seber 

Institute  for  the  Study  of  the  Continents  (INSTOC) 

Cornell  University,  Ithaca,  NY  14853 
e-mail:  “eric@geology.comell.edu”  -or-  “seber@geology.comell.edu” 

Contract  #F19628-93-K-0030 

OBJECTIVE 

With  the  anticipated  completion  of  multilateral  comprehensive  nuclear  test 
ban  and  nonproliferation  treaties  in  the  near  future,  it  is  essential  for  the  moni¬ 
toring  efforts  that  multidisciplinary  information  on  any  given  region  is  readily 
available  and  accessible  in  a  digital,  on-line  format  via  electronic  networks  for  use 
by  concerned  researchers  and  decision  makers.  Our  objective  is  to  collect  and  or¬ 
ganize  all  available  seismological,  geophysical,  topographical,  and  geological 
datasets  for  the  Middle  East  and  North  Africa  into  a  digital  information  system 
that  is  accessible  via  the  Internet  from  Cornell  and  can  be  utilized  by  display  pro¬ 
grams  running  at  the  International  Data  Center  (IDC)  and  by  other 
ARPA/AFOSR/DOE/AFTAC  researchers.  We  are  concentrating  the  area  of  data 
acquisition  on  the  Middle  East  and  North  Africa  to  complement  our  previous  work 
in  Europe  and  Central  Asia.  We  store  the  data  in  an  information  system  (GIS). 
The  information  system  is  organized  to  extract  and  usefully  display  the  informa¬ 
tion  most  relevant  to  verification  and  detection,  and  data  products  are  released 
via  the  Internet.  The  work  includes  assembly  and  digitization  of  available 
datasets  such  as  crustal  reflection  and  refraction  profiles,  gravity  and  magnetic 
maps,  and  other  geological  and  geophysical  map  information  on  sedimentary 
basins  and  crustal  thicknesses  and  details  of  crustal  structure.  Digital  waveforms 
will  also  be  made  available  in  the  future  for  selected  areas,  including  both  earth¬ 
quakes  and  chemical  explosions. 

RESEARCH  ACCOMPLISHED 

We  have  begun  a  comprehensive  effort  to  compile  and  digitize  information  on 
the  crustal  structure  of  the  Middle  East  and  North  Africa  to  expand  our  existing 
database  for  Eurasia  developed  under  previous  contracts.  Our  first  work  has  been 
in  the  Middle  East  where  we  are  locating  and  digitizing  published  data  on  the 
depth  of  the  Moho  and  basement  and  crustal  velocity  and  density  structures,  pri¬ 
marily  as  interpreted  from  seismic  refraction,  gravity,  and  drill  hole  datasets.  We 
are  also  maintaining  a  comprehensive  bibliography  of  all  the  relevant  references 
in  a  computer  database.  All  data  are  being  stored  in  our  Arc/Info  Geographic  In¬ 
formation  System  (GIS),  the  most  widely  used  full-featured  GIS.  The  format  of  the 
files  being  released  is  detailed  in  our  recent  report  (Fielding  and  others,  1994). 
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We  are  releasing  preliminary  versions  of  our  datasets  as  they  are  completed 
via  the  Internet.  We  continue  to  add  more  information  to  our  database  and  plan  to 
issue  further  interim  releases  as  we  progress  toward  our  goal  of  a  complete 
crustal  structure  database  as  well  as  other  types  of  geophysical  and  geological 
databases  for  the  Middle  East  and  North  Africa.  We  hope  that  these  interim 
releases  will  be  useful  to  and  used  by  other  ARPA/AFOSR/DOE/AFTAC 
researchers  studying  the  propagation  of  seismic  phases  in  the  Middle  East  and 
North  Africa.  In  the  first  data  release,  described  in  our  Scientific  Report  #1 
(Fielding  and  others,  1994),  we  present  some  of  the  data  interpretations  country 
by  country,  including  Egypt,  Iran,  Israel,  Jordan,  and  Saudi  Arabia.  In  the  future, 
we  will  be  integrating  these  individual  observations  and  our  own  analyses  into  a 
regional  gridded  database  of  the  best  available  information  on  crustal  structure 
and  velocities.  This  database  can  then  be  used  to  derive  crustal  structure  profiles 
along  any  path  through  the  region  to  compare  with  observations  or  simulate  the 
propagation  of  regional  seismic  phases  as  described  in  the  final  report  of  our 
previous  contract  (Fielding  and  others,  1993). 
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Figure  1 :  Map  of  the 
Middle  East,  showing 
locations  of  crustal 
profiles.  Both  refrac¬ 
tion  and  gravity  pro¬ 
files  are  shown  as 
medium  black  lines. 
Thick  gray  lines  and 
letters  mark  locations 
of  profiles  shown  in 
Figure  2.  Coastlines 
are  thin  solid  lines, 
and  international 
borders  are  dashed 
lines.  A  ten-degree 
latitude-longitude 
grid  is  overlain  as 
very  thin  solid  lines. 
Map  is  in  a  trans¬ 
verse  Mercator  pro¬ 
jection  centered  at 
42°E  longitude. 


Figure  1 
shows  a  number 
of  seismic  refrac¬ 
tion  lines  and 
gravity  profiles 
of  various  types 
that  have  been 
collected  and  in¬ 


terpreted  in  many  of  the  countries  of  the  region.  We  are  digitizing  the  locations  of 
the  lines,  the  interpreted  sections,  and  the  velocity-depth  profiles  from  published 
papers.  We  also  digitize  the  interpreted  contours  of  the  depth  of  Moho  or  other 
crustal  boundaries  where  they  are  included  in  the  published  works.  Several 
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Figure  2:  Three  crustal  density  profiles  interpreted  from  gravity  data  in  Iran,  Iraq,  and  Syria.  The  Iran 
profile  (a)  was  digitized  from  Snyder  and  Barazangi  (1986).  One  of  the  profiles  interpreted  at  Cornell 
from  Syria  (b)  is  from  Best  and  others  (1990),  and  the  profile  through  Iraq  (c)  is  from  the  unpublished 
Hussein  Al-Rahim  (1993).  Locations  are  marked  on  Figure  1.  Densities  are  shown  in  g-cm-3  with  the 
crustal  interfaces  (thick  solid  lines).  The  profiles  have  been  vertically  exaggerated  for  better  readability. 


Much  data  on  the  depth  of  sedimentary  basins  comes  from  the  extensive 
petroleum  exploration  in  the  Middle  East  and  North  Africa,  and  we  have  started 
to  digitize  and  incorporate  some  of  this  voluminous  data  into  our  databases.  Some 
of  this  valuable  data  is  only  available  at  Cornell.  We  have  digitized  a  preliminary 
map  of  the  thickness  of  sedimentary  cover  for  most  of  the  Middle  East  (Figure  3), 
prepared  by  Beydoun  (1989)  primarily  from  well  and  reflection  profile  data.  It 
shows  the  major  variations  in  sedimentary  thickness  for  the  area.  The  western 
part  of  the  Arabian  plate,  the  Arabian  shield,  has  Precambrian  basement  exposed 
at  the  surface,  and  the  basement  slopes  eastward  under  sediments  up  to  14  km 


Figure  3:  Map  of  thickness  of  sedimentary  cover  in  the  Middle  East  from  Beydoun  (1989).  Thicknesses 
from  gridded  dataset  are  shown  in  gray  shades  according  to  key  (left).  Values  range  from  zero  sedi¬ 
ment  thickness  where  Precambrian  basement  is  exposed  on  Arabian  shield  to  -15  km  in  western  Iran. 
Other  geographic  overlays,  scale,  and  map  projection  are  similar  to  Figure  1 . 


thick  in  the  Zagros.  To  the  west  of  the  Arabian  shield,  a  steep  scarp  forms  the 
edge  of  the  Red  Sea  rift  zone  with  up  to  4.5  km  of  sediments. 

We  are  building  our  bibliographic  database  in  the  Macintosh  program  called 
HyperCard  (which  comes  bundled  with  every  Macintosh).  References  to  books, 
journal  articles,  reports  and  other  published  literature  are  stored  with  the  usual 
information  on  title,  date,  authors,  journal,  page  numbers,  etc.  and  with  search¬ 
able  keywords  on  the  content.  Automatically  (by  keyword  search)  or  manually 
selected  subsets  of  the  HyperCard  dataset  can  be  extracted  and  formatted  in  a 
variety  of  formats.  This  is  becoming  a  comprehensive  database  of  crustal  struc¬ 
ture,  geology,  and  geophysics  literature  for  the  Middle  East  and  North  Africa,  and 
we  have  copies  of  nearly  all  the  references,  including  many  hard-to-find  reports,  in 
our  files.  We  continue  to  add  to  this  bibliographic  database,  but  we  released  a 
preliminary  version  to  aid  other  researchers  (Fielding  and  others,  1994). 

We  are  utilizing  the  rapidly  accelerating  Internet  network  to  share  datasets 
with  ARPA/AFOSR/DOE/AFTAC  and  other  interested  researchers.  We  are  releas¬ 
ing  these  databases  in  several  different  forms.  We  continue  using  the  well-estab¬ 
lished  “anonymous  FTP”  protocol  as  a  basic  interface  to  the  data.  The  FTP  server 
on  “hugo.geo.comell.edu”  in  directory  “pub/arpa”  has  both  our  new  releases  under 
our  present  contract  and  our  earlier  databases  from  previous  contracts.  We  con¬ 
tinue  to  have  many  ARPA  and  Air  Force  researchers  contact  us  about  our  Eurasia 
crustal  structure  databases.  Some  researchers  have  been  interested  in  access  via 
the  time-honored  method  of  “anonymous  ftp”,  and  others  via  our  network  data 
server.  An  operational  version  of  a  network  “raster  server”  program  that  allows 
“client”  programs  to  access  our  crustal  structure  datasets  over  the  Internet  has 
been  running  continuously  since  August  1992. 

We  are  also  installing  a  World-Wide  Web  (WWW)  protocol  server  at  Cornell 
to  provide  a  more  sophisticated  hypertext  and  graphics  interface  to  our  datasets 
and  associated  descriptions.  The  WWW  protocol  is  rapidly  increasing  in  popular¬ 
ity  on  the  Internet  due  to  the  excellent  Mosaic  client  program  available  from  the 
National  Center  for  Supercomputing  Applications  (NCSA).  In  particular,  the 
Mosaic  client  and  Gopher  or  WWW  servers  can  be  used  to  create  custom  figures 
on  a  remote  system  that  can  be  viewed  on  a  local  workstation.  Versions  of  NCSA 
Mosaic  now  run  on  most  X  workstations,  Macintoshes  and  PC-compatibles  under 
Windows.  Our  WWW  server  is  accessible  from  Mosaic  via  the  URL  (Uniform 
Resource  Locator)  “http://www.geo.cornell.edu”.  We  will  expand  on  the  information 
available  in  this  server,  and  explore  the  possibilities  for  making  custom  figures 
generated  from  our  databases.  Eventually,  all  of  our  unrestricted  Middle  East  and 
North  Africa  databases  can  be  incorporated  into  our  WWW  server.  We  encourage 
researchers  to  contact  us  about  gaining  access  to  our  databases  at  the  computer 
mail  addresses  listed  on  the  first  page  of  this  paper. 


90 


r  i 


CONCLUSIONS  AND  COMMENDATIONS 


To  monitor  the  am.^pated  multilateral  comprehensive  nuclear  test  ban  and 
nonproliferation  treaties,  we  recommend  that  multidisciplinary  information  on 
any  given  region  be  readily  available  and  accessible  in  digital  form  via  the  Inter¬ 
net  for  use  by  concerned  researchers  and  decision  makers.  New  data,  both  seismo- 
logical/geophysical  and  geological,  are  required  to  constrain  advanced  theoretical 
and  modeling  efforts  in  order  to  better  understand  seismic  waves  produced  by 
very  low  magnitude  events  at  regional  distances.  For  these  monitoring  efforts  to 
be  successful,  researchers  must  be  able  to  detect,  characterize,  calibrate,  discrimi¬ 
nate,  and  verify  any  suspect  event  for  most  regions  on  earth.  As  important  to  the 
success  of  any  monitoring  strategy,  such  data  must  be  swiftly  accessible  to 
researchers  via  networks  in  order  to  integrate  with  real-time  recorded  events  to 
provide  ground-truth  for  fast  verificatior  ;  oses. 

Our  ongoing  efforts  are  of  direct  releva;  i  to  the  ongoing  IDC  at  CSS  and  the 
planned  test  of  the  experimental  international  z  '.onitoring  system,  the  GSETT-3 
(Group  of  Scientific  Experts  Technical  Test  3)  established  by  the  Conference  on 
Disarmament,  as  well  as  the  planned  National  Da^a  Center.  Our  digital  seismic 
and  non-seismic  databases  and  results  can  profitably  be  used  by  this  system  for 
calibration  and  verification  purposes. 
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OBJECTIVE 

Our  recent  work  has  focussed  on  assessing  regional  event  identification  capabilities  using 
a  method  we  developed  for  outlier  detection.  This  is  motivated  by  the  fact  that  historical 
underground  nuclear  tests  have  been  performed  in  only  a  few  regions.  Thus,  in  most 
regions,  seismic  monitoring  of  a  Comprehensive  Test  Ban  Treaty  (CTBT)  or  a  Non- 
Proliferation  Treaty  (NPT)  is  a  problem  of  identifying  unusual  events,  i.e.,  outliers.  Our 
procedure  may  be  fully  automated  to  flag  events  warranting  special  attention  and  to  test  all 
appropriate  assumptions  to  ensure  validity  of  the  results.  In  addition,  the  method  allows 
straightforward  control  of  false  alarm  rates  and  a  natural  way  to  rank  events.  We  have 
applied  this  approach  to  seismic  events  in  very  diverse  geological  regions,  recorded  by  the 
ARCESS  and  GERESS  arrays,  CDSN  station  WMQ,  and  LLNL  stations  KNB  and  MNV. 

We  also  examined  effects  of  contaminated  training  data  by  intentionally  including  quarry 
blasts  or  rock  bursts  in  earthquake  training  sets  to  determine  if  the  outlier  test  can  detect 
them  and  to  assess  potential  impacts  on  monitoring  performance.  We  also  examined  Pn/Lg 
transportability  before  and  after  applying  distance  corrections  to  assess  (1)  regional 
attenuation  effects  on  transportability  and  (2)  how  precisely  a  discrimination  threshold 
must  be  transported  in  order  to  be  effective.  Last,  we  repeated  our  identification  analysis  of 
the  31  December  1992  Novaya  Zemlya  event,  after  first  applying  distance  corrections. 

RESEARCH  ACCOMPLISHED 

Data  Sets.  We  primarily  used  1SEIS  feature  data  provided  by  Baumgardt  (1993a)  for 
seismic  events  recorded  by  the  ARCESS  and  GERESS  arrays  and  CDSN  station  WMQ. 
ARCESS  events  include  earthquakes  near  Steigen,  Norway,  and  near  Spitsbergen,  quarry 
blasts  on  the  Kola  Peninsula  and  in  the  Kiruna  region  of  Sweden,  and  3  underground 
nuclear  explosions  on  Novaya  Zemlya.  GERESS  events  include  10  earthquakes  and  13 
quarry  blasts  in  the  Vogtland  region  of  Germany  and  30  rock  bursts  in  the  Lubin  region  of 
Poland.  WMQ  events  include  23  earthquakes  in  China  and  nearby  countries,  16  nuclear 
explosions  in  Kazakhstan,  and  1  nuclear  explosion  at  Lop  Nor.  In  addition,  we  used  feature 
data  provided  by  Patton  and  Walter  (1994)  for  59  earthquakes  and  89  nuclear  explosions  at 
NTS,  recorded  by  KNB  and  MNV.  Locations  of  the  seismic  stations,  arrays  and  most 
events  are  depicted  in  Figure  1.  The  events  are  summarized  in  Table  1 .  Discriminants  used 
here  include  Pn/Lg  and  Pn/Sn  in  3-5, 4-6,  5-7,  6-8  Hz  bands,  and  an  Lg  spectral  ratio.  Of 
these,  only  Pn/Lg  in  the  6-8  Hz  band  and  Lg  spectral  ratio  measurements  were  available  for 
KNB  and  MNV.  Also,  Sn  was  measured  for  only  2  of  17  explosions  at  WMQ. 
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Figure  1.  Locations  of  ARCESS,  GERESS,  CDSN  station  WMQ,  LLNL  stations  KNB  and  MNV,  and 
most  of  the  seismic  events  used  in  our  event  identification  study. 


Outlier  Detection  Approach.  If  a  station  exists  or  has  been  installed  recently,  the  first  step 
is  to  collect  a  set  of  events  as  soon  as  the  station  starts  recording.  A  fundamental  assumption 
is  made  that  the  number  of  nuclear  tests  in  a  new  region  will  be  relatively  small  compared 
to  the  number  of  earthquakes,  chemical  mining  blasts  or  rock  bursts.  If  this  assumption 
fails,  i.e.,  if  a  region  is  aseismic  and  with  no  mining  activity,  then  any  new  event  would  be 
suspicious,  warranting  further  investigation.  Since  there  are  only  a  small  number  of  mining 
blasts  that  occur  annually  above  magnitude  3.0,  our  primary  concern  for  monitoring  above 
this  threshold  is  to  be  able  to  distinguish  explosions  from  earthquakes.  (Monitoring  down 
to  magnitude  2.5  poses  greater  difficulty.)  A  standard  set  of  discriminants  is  used,  unless 
we  have  information  about  particular  ones  that  work  best  for  a  given  region.  Here  we  used 
the  discriminants  listed  above,  provided  they  were  available.  In  general,  the  outlier  test  can 
rigorously  include  any  discrete  or  continuous  discriminant.  Distance  corrections  are 
applied  if  information  is  available.  Each  event  is  then  tested  as  an  outlier  of  the  remaining 
data  set  using  a  hypothesis  test  based  on  the  generalized  likelihood  ratio.  (Details  of  the 
outlier  test  and  previous  applications  are  provided  by  Baek  et  al.,  1992;  Fisk  et  al.,  1993; 
Fisk  and  Gray,  1993;  Fisk,  1993.)  Events  flagged  as  outliers  can  be  investigated  further 
using,  possibly,  non-seismic  means.  The  significance  level  of  the  test  is  an  input  parameter 
which  controls  the  false  alarm  rate,  i.e.,  the  percentage  of  earthquakes  flagged  as  outliers. 


For  situations  in  which  more  training  information  is  available,  we  developed  a 
classification  test,  based  also  on  the  likelihood  ratio  methodology  (e.g.,  Baek  et  al.,  1993; 
Fisk  et  al.,  1993),  which  provides  improved  identification  accuracy.  In  this  case,  training 
data  for  all  available  classes  are  used  and  the  event  in  question  is  allocated  into  one  of  two 
or  more  classes.  Here  we  concentrated  on  monitoring  results  obtained  using  the  outlier  test. 
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Table  1:  Data  sets  used  in  our  study. 


Array/Slaiion 

Events 

Distance  (km) 

Magnitude 

ARCESS 

24  Steigen  EQs 

385-480 

1. 0-3.2 

5  Spitsbergen  EQs 

795-1320 

1. 5-2.9 

S3  Kola  QBs 

300-430 

2.0-3.2 

39  Kiruna  QBs 

250-295 

1. 6-2.0 

3  NZ  EXs 

1100 

>3.9 

GERESS 

10  Vogtland  EQs 

140-260 

1. 4-3.2 

13  Vogtland  QBs 

165-210 

2.0-2.6 

30  Lubin  RBs 

340-350 

1. 8-3.3 

WMQ 

23  EQs 

100-1100 

4.2-S.9 

16  Kazakh  EXs 

950 

4.8-6. 1 

l  Lop  Nor  EX 

240 

4.7 

KNB 

59  NTS  EQs 

295-310 

2. 1-5.9 

89  NTS  EXs 

280-315 

2.4-S.5 

MNV 

37  NTS  EQs 

250-260 

2.2-5.9 

78  NTS  EXs 

190-245 

2.6-5. 5 

Outlier  Test  Results:  WMQ 


Monitoring  applications.  Sequentially  using  each  of  the  nuclear  explosions  and  quarry 
blasts  in  each  region  as  a  new  explosion,  each  event  was  tested  against  the  earthquakes  to 
determine  the  percentage  that  are  detected  as  outliers.  Each  earthquake  was  also  tested 
using  the  leave-one-out  procedure  to  estimate  the  false  alarm  rate.  We  set  the  significance 
level  at  0.01.  For  ARCESS,  using  the  Steigen  and  Spitsbergen  earthquakes  to  train  the 
outlier  test,  3  of  3  Novaya  Zemlya  nuclear  explosions,  50  of  51  (98%)  Kola  quarry  blasts, 
and  36  of  39  (92%)  Kiruna  quarry  blasts  were  flagged  as  outliers  once  distance  corrections 
were  applied  to  the  discriminants,  and  there  were  no  false  alarms.  For  GERESS,  using  the 
Vogtland  earthquakes  to  train  the 
outlier  test,  13  of  13  Vogtland 
quarry  blasts  were  detected  as 
outliers  and  there  were  no  false 
alarms.  For  WMQ,  17  of  17 
Kazakh  and  Lop  Nor  nuclear 
explosions  were  flagged  as 
outliers  with  1  false  alarm  out  of 
23  earthquakes.  For  the  LLNL 
stations,  74  of  78  (95%)  and  71  of 
89  (80%)  NTS  nuclear  explosions 
were  detected  as  outliers  at  MNV 
and  KNB,  respectively,  with  one 
false  alarm  at  each  station. 


Figure  2  shows  outlier  test  results 
for  the  17  explosions  observed  at 
WMQ.  The  distribution  shown  is 
of  the  likelihood  ratio  when  the 
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Figure  2.  Example  of  outlier  test  results  for  events  at  WMQ. 
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event  being  tested  is  from  the  same  group  as  the  earthquake  training  set.  Tne  vertical  lines 
represent  critical  values  of  the  test  for  various  significant  levels.  Events  whose  likelihood 
ratio  fall  to  the  left  of  the  critical  value  are  identified  as  outliers  at  a  given  significance  level. 
The  triangles  depict  values  of  the  likelihood  ratio  for  the  explosions  being  tested.  This  plot 
shows  that  all  17  explosions  are  flagged  as  outliers  of  the  earthquake  group  at  0.01 
significance  level.  It  also  illustrates  how  the  outlier  test  combines  multivariate  data  into  a 
single  variable  which  can  be  ranked  in  a  straightforward  and  statistically  consistent  manner. 

Contaminated  training  set  study.  We  have  assumed  to  this  point  that  the  data  sets  in  each 
region  consist  of  earthquakes  and  at  most  one  explosion.  In  practice,  we  should  also  be 
concerned  with  the  situation  in  which  quarry  blasts  and  rock  bursts  may  contaminate 
earthquake  training  sets  when  trying  to  detect  a  nuclear  explosion.  Although  there  are  likely 
to  be  only  a  small  number  of  quarry  blasts  above  magnitude  3,  it  is  possible  that  a  couple 
of  large  quarry  blasts  might  contaminate  the  earthquake  training  set.  Large  rock  bursts 
could  also  be  present.  The  purpose  of  this  study  was  to  determine  how  a  lack  of  ground- 
truth  affects  our  ability  to  monitor  using  the  outlier  test. 

To  address  this  problem,  we  first  selected  2  Vogtland  quarry  blasts  and  inserted  them  in  the 
Vogtland  earthquake  set.  To  make  the  problem  interesting,  we  chose  the  2  that  are  most  like 
the  earthquakes.  We  then  ran  the  outlier  test  on  each  event  in  the  training  set  using  the 
leave-one-out  procedure  and  the  same  discriminants  as  above.  Note  that  even  if  one  quarry 
blast  is  left  out  of  the  training  set  to  be  tested,  one  contaminating  event  still  remains.  If  an 
outlier  is  detected,  it  is  removed  from  the  set  and  the  remainder  are  tested  again.  In  this 
case,  both  quarry  blasts  were  flagged  on  the  first  pass.  If  the  2  quarry  blasts  are  not 
removed  from  the  earthquake  training  set,  2  of  the  remaining  1 1  Vogtland  quarry  blasts  are 
undetected  when  tested.  This  analysis  was  repeated  by  randomly  selecting  2  Kola  quarry 
blasts  and  inserting  them  in  the  Steigen  earthquake  set.  Only  one  blast  was  detected  on  the 
first  pass,  but  once  removed,  the  other  was  also  detected.  If  the  2  Kola  quarry  blasts  are  not 
removed  from  the  Steigen  earthquake  training  set,  7  of  the  remaining  51  quarry  blasts  are 
undetected  when  tested.  However,  even  if  both  Kola  quarry  blasts  were  not  detected,  the 
outlier  test  was  still  able  to  detect  all  3  Novaya  Zemlya  nuclear  explosions.  (ARCESS  was 
the  only  array  for  which  we  have  data  of  these  three  types.)  As  a  related  study,  we 
contaminated  the  Vogtland  earthquake  set  with  30  Lubin  rock  bursts  and  then  tested  the 
Vogtland  quarry  blasts.  All  13  Vogtland  quarry  blasts  were  still  flagged  as  outliers. 

These  results  show  that  the  outlier  test  can  be  used  to  detect  contaminating  events  in  data 
sets  which  lack  ground-truth.  If  they  are  not  detected,  the  probability  of  detecting  an 
explosion  may  be  affected  significantly,  e.g.,  by  10-20%,  although  it  did  not  affect  the 
ability  to  identify  the  Novaya  Zemlya  explosions  as  outliers.  Contamination  by  rock  bursts 
did  not  reduce  the  capability  to  detect  mining  explosions  in  the  case  examined. 

Transportability  of  Pn/Lg.  Figure  3  shows  plots  of  uncorrected  and  distance-corrected  Pn/ 
Lg  in  the  6-8  Hz  band  for  events  observed  at  ARCESS,  GERESS,  WMQ,  MNV,  and  KNB. 
The  discrimination  threshold  for  uncorrected  Pn/Lg  at  WMQ  is  roughly  an  order  of 
magnitude  greater  than  those  at  the  other  stations.  The  distance-corrected  thresholds  are  all 
fairly  similar  except  for  the  threshold  at  ARCESS,  which  differs  by  almost  an  order  of 
magnitude.  (Distance  corrections  for  ARCESS  events  were  obtained  from  Sereno,  1990, 
and  may  be  invalid  for  frequencies  above  5  Hz.  At  present,  however,  these  are  the  best 
corrections  available.)  Note  that  even  for  the  distance-corrected  case,  a  threshold  obtained 
for  KNB  would  lead  to  several  missed  nuclear  explosions  at  WMQ.  Similarly,  the  threshold 
for  WMQ  would  lead  to  roughly  a  30%  false  alarm  rate  at  KNB.  Since  there  is  virtually  no 
separation  between  the  earthquake  and  explosion  groups,  the  threshold  must  be  set  very 
precisely  in  order  to  have  high  detection  and  low  false  alarm  rates.  Station  and  specific  path 
corrections  might  improve  Pn/Lg  transportability,  but  it  may  be  unlikely  that  a  set  of 


95 


events,  needed  to  derive  station  corrections,  are  recorded  at  two  or  more  common  stations. 
Vso,  explosion  and  earthquake  data  will  likely  be  too  sparse  to  obtain  specific  path 
corrections  and  theoretical  modeling  will  have  to  be  very  precise  to  succeed. 


Figure  3.  Scatter  plots  of  uncorrected  (left)  and  distance-corrected  (right)  Pn/Lg  in  the  6-8  Hz  band  for 
events  observed  at  ARCESS,  GERESS,  WMQ,  MNV,  and  KNB.  The  horizontal  lines  depict 
discrimination  thresholds  for  each  station. 


Identification  Results  for  the  921231  Novaya  Zemlya  Event  with  Attenuation  Corrections. 
Several  ARPA  contractors  previously  analyzed  the  identification  of  a  31  December  1992 
event  on  Novaya  Zemlya.  They  generally  agreed  that  this  event  was  not  a  nuclear 
detonation.  Results  obtained  by  Baumgardt  (1993b),  Fisk  and  Gray  (1993),  and  Pulli  and 
Dysart  (1993)  suggest  that  this  event  was  much  more  like  Kola  Peninsula  mining  blasts 
than  earthquakes  in  Scandinavia  and  near  Spitsbergen,  in  apparent  contradiction  to  a 
statement  by  the  Seismological  Service  of  the  Ministry  of  Defense,  Russian  Federation, 
that  no  blasting  had  occurred  on  the  Novaya  Zemlya  test  range  on  the  day  in  question 
(Ryall,  1993). 


The  discriminants  used  to  obtain  these  results  were  based  on  Pn  and  Sn  measurements  of 
ARCESS  recordings.  No  corrections  were  made  for  attenuation,  although  all  authors 
recognized  their  importance  on  the  outcome  of  identification  tests  since  the  epicentral 
distances  of  the  921231  event  and  reference  events  ranged  from  300  to  1300  km  and  it  is 
well  known  Pn/Sn  is  affected  by  distance.  More  rapid  attenuation  of  Sn  with  distance 
relative  to  Pn  would  cause  the  921231  event  to  have  higher  Pn/Sn  ratios  than  a  similar  event 
occurring  in  the  Steigen  or  Kola  Peninsula  regions  due  to  the  longer  path  from  Novaya 
Zemlya.  It  was  speculated  that  applying  distance  corrections  may  lead  to  Pn/Sn  ratios  that 
are  more  consistent  with  earthquakes  than  with  quarry  blasts. 


Using  distance  corrections  reported  by  Sereno  (1990),  we  reanalyzed  the  identification  of 
the  921231  event.  We  applied  outlier  and  classification  tests  using  Pn/Sn(max)  in  4-6, 5-7, 
6-8, 8-10,  and  8-16  Hz  bands  for  waveforms  recorded  by  ARA0.  For  comparison,  we  again 
used  3  nuclear  explosions  at  NZ,  the  Kola  and  Steigen  data  sets,  and  5  earthquakes  near 
Spitsbergen.  Figure  4  shows  scatter  plots  of  the  amplitude  ratios  before  and  after  applying 
distance  corrections.  The  objectives  of  this  study  were  to  resolve  the  apparent  discrepancy 
and  to  assess  the  impact  of  attenuation  on  regional  event  identification.  The  following 
results  and  observations  were  obtained.  (Further  details  are  provided  by  Fisk,  1993.) 


First,  there  is  sufficient  evidence  to  reject  the  921231  event  as  a  member  of  the  Novaya 
Zemlya  nuclear  explosion  group  at  0.01  significance  level,  using  either  the  outlier  or 
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classification  tests.  This  is  consistent  with  the  results  of  Fisk  and  Gray  (1993)  as  expected 
since  the  epicentral  distances  for  the  Novaya  Zemlya  events  are  ail  very  similar;  thus, 
attenuation  corrections  should  have  little  effect  on  the  identification  relative  to  this  group. 


Second,  there  was  insufficient  evidence,  based  on  outlier  tests,  to  reject  the  921231  event 
as  a  member  of  either  the  quarry  blast  or  earthquake  groups,  at  0.05  significance  or  lower. 
Classification  between  the  earthquake  and  quarry  blast  alternatives  led  to  rejection  of  this 
event  as  a  member  of  the  Kola  quarry  blast  group  at  0.05  significance  level,  although  it  was 
also  rejected  as  a  member  of  the  earthquake  group  using  Pn/Sn  in  the  five  frequency  bands. 
Omitting  the  6-8  Hz  band,  the  921231  event  was  accepted  as  an  earthquake  at  0.05 
significance.  These  results  are  quite  different  than  those  of  Fisk  and  Gray  (1993), 
Baumgardt  (1993)  and  Pulli  and  Dysart  (1993),  who  found  that  the  921231  event  was  much 
more  consistent  with  identification  as  a  mining  blast  than  as  an  earthquake.  Although 
identification  of  this  event  is  still  inconclusive,  it  is  no  longer  inconsistent  with  the 
statement  by  the  Seismological  Service  of  the  Ministry  of  Defense,  Russian  Federation. 
This  study  also  demonstrates  that  distance  corrections  can  have  a  significant  impact  on 
event  identification  and  should  be  applied  routinely. 
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Figure  4.  Pn/Sn  amplitude  ratios  in  five  frequency  bands  before  (left)  and  after  (right)  applying 
distance  corrections. 


Among  other  important  monitoring  issues,  we  found  that  distance-corrected  Pn/Sn  values 
for  the  3  Novaya  Zemlya  nuclear  tests  fall  within  the  values  for  the  Kola  quarry  blast  group 
(Figure  4).  This  implies  that  a  more  effective  discriminator  between  nuclear  explosions  and 
mining  blasts  is  needed.  Spectral  and  cepstral  variances,  presence  of  cepstral  peaks,  and 
presence  of  Rg  have  been  considered  to  identify  mining  blasts,  but  adequate  utility  of  any 
is  yet  to  be  demonstrated. 

CONCLUSIONS  AND  RECOMMENDATIONS 


Our  results  show  that  useful  monitoring  can  be  performed  currently  at  magnitude  3  and 
above  using  the  outlier  detection  approach.  Between  92-100%  of  the  explosions  and  quarry 
blasts  were  detected  as  outliers  of  the  earthquake  groups  in  the  various  regions,  except  at 
KNB  where  the  detection  rate  was  80%,  and  there  was  one  false  alarm  at  KNB,  MNV  and 
WMQ.  Overall,  264  of  290  (91%)  explosions  were  detected  and  there  were  only  3  false 
alarms  out  of  158  earthquakes  (1.9%),  slightly  higher  than  the  target  rate  of  1%.  These 
results  were  obtained  for  very  diverse  regions  and  for  a  wide  range  of  epicentral  distances 
and  magnitudes.  One  or  more  additional  discriminants  that  work  about  as  well  as  Pn/Sn  and 
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Pn/Lg,  but  that  are  relatively  uncorrelated,  or  information  which  allows  us  to  choose  the 
best  discriminants  in  a  given  region,  should  improve  the  monitoring  capability  further. 

Contaminated  training  data  did  not  reduce  the  monitoring  capability  for  the  cases  studied 
but  remains  a  cause  for  concern,  especially  at  a  low  magnitude  threshold.  We  also  found 
that  it  is  very  important  to  distance-correct  discriminants  in  order  to  obtain  accurate 
identification  results.  Transporting  discriminants  looks  very  difficult  and  must  be  done 
very  precisely  in  order  to  have  a  reasonable  probability  of  detecting  an  explosion  without 
having  an  unmanageable  number  of  false  alarms  world  wide.  A  key  benefit  of  the  outlier 
approach  is  that  it  does  not  require  transporting  discrimination  thresholds,  while  providing 
high  detection  probabilities  and  low  false  alarm  rates  in  regions  studied  thus  far. 

Future  research  should  focus  on  investigating  ways  to  select  the  best  regional  discriminants 
in  the  absence  of  nuclear  explosion  training  data  and  on  investigating  other  discriminants 
such  as  a  regional  M$-mb,  autoregression  analysis  of  Lg,  waveform  complexity,  etc.  In 
addition,  reliable  methods  are  needed  to  distinguish  nuclear  explosions  from  chemical 
mining  blasts.  Last,  a  distance-correction  data  base  should  be  established. 
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OBJECTIVES 

In  this  study  we  evaluate  methods  that  utilize  both  traveltime  and  waveform  data  to  obtain 
accurate  locations  for  relatively  small  seismic  events.  Our  ultimate  objective  is  to  develop  the 
capacity  to  locate  eve*  's  which  have  available  only  one  or  a  few  regionally  recorded 
broadband  waveforms,  uiten  contaminated  by  high  levels  of  background  noise.  For  single¬ 
station  data  our  approach  is  to  obtain  the  back  azimuth  by  analyzing  radial  and  tangential 
seismogram  components,  and  to  find  distance  and  focal  depth  by  comparison  of  observed 
and  synthetic  waveforms.  If  two  or  more  stations  are  available,  we  augment  this  by  using  a 
grid-search  technique  to  find  the  optimum  location. 

RESEARCH  ACCOMPLISHED 


Determination  of  Station  Back  Azimuth 


We  determine  the  station-event  back  azimuth  by  rotating  the  seismogram  to  find  tire  direction 
which  minimizes  the  tangential-component  energy  in  the  P„i  time  window.  For  example, 
consider  the  P  waveforms  recorded  at  station  BKS  (Berkeley,  CA)  for  an  earthquake 
occurring  26  April  1992  (Figure  la).  For  an  azimuth  of  317°,  the  earliest  arriving  signal  (Pnj) 
is  quite  strong  on  the  radial  component  but  invisible  on  the  tangential  component,  however,  it 
is  clearly  visible  on  both  components  for  an  azimuth  of  329°  based  on  the  location  given  by 
UC  Berkeley.  The  minimum-energy  direction  is  317°  regardless  of  whether  the  time  window 
chosen  for  analysis  has  a  length  of  35, 40,  or  45  sec  (Figure  lb). 


For  laterally  homogeneous  media  the  tangential-component  energy  should  be  exactly  zero  for 
the  Pni  phase  at  regional  distances.  Thus,  as  long  as  the  velocity  structure  is  one-dimensional 
the  back  azimuth  determined  in  this  way  does  not  depend  on  the  details  of  the  layered  velocity 
structure  or  the  nature  of  the  earthquake  source.  However,  the  event-station  back  azimuth  so 
determined  may  be  in  error  if  there  is  significant  lateral  variation  in  the  velocity  structure 
along  the  event-station  path,  due  to  dipping  layers  or  other  geological  structures  which 
"bend"  the  Pni  rays. 


Determination  of  Distance  and  Depth 

If  we  possess  a  reasonable  model  for  regional  velocity  structure,  we  compare  observed 
broadband  waveforms  with  synthetics  calculated  for  a  range  of  possible  event-station 
distances  and  focal  depths.  We  assume  a  trapezoidal  source-time  function  and  use  routine 
methods  described  by  Zhao  and  Helmberger  (1994a)  to  calculate  body  and  surface-wave 
synthetics  and  to  perform  a  grid  search  over  a  range  of  distances,  depths,  and  focal 
mechanisms.  If  our  regional  velocity  model  is  reasonable  and  if  the  signal/noise  ratio  is 
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adequate  these  methods  applied  to  data  from  a  single  station  will  generally  provide  well- 
constrained  distance  and  depth  information,  even  when  the  focal  mechanism  is  poorly 
constrained. 

To  make  this  method  practical  we  have  put  some  effort  into  streamlining  the  grid  search 
scheme.  For  example,  we  utilize  a  cross-correlation  method  for  comparison  of  observation 
and  synthetics  which  automatically  determines  the  time  shift  which  corresponds  to  an 
optimum  fit.  Such  efficiencies  make  it  possible  to  search  a  larger  range  of  model  parameters. 
Nevertheless,  unlike  the  determination  of  back  azimuth,  in  the  determination  of  distance  and 
focal  depth  a  considerable  amount  of  subjective  judgment  is  sometimes  necessary,  especially 
in  cases  where  the  velocity  structure  is  poorly  known  or  where  there  may  be  complexity  in 
the  source-time  function.  Our  continuing  research  focuses  on  ways  to  reduce  this 
subjectivity,  and  methods  to  improve  location  determination  for  smaller  events. 

As  an  example,  we  apply  these  methods  to  waveforms  recorded  at  PAS  (Pasadena,  CA)  for 
the  IS  September  1992  earthquake  in  southern  California,  using  velocity  model  SC  of  Dreger 
and  Helmberger  (1991)  to  calculate  synthetics.  The  minimum  misfit  occurs  for  an  event- 
station  distance  of  210  km  and  depth  of  8  km  (Figure  2a).  Changes  in  distance  of  10  km  and 
changes  in  depth  of  only  3  km  produce  misfits  that  are  5-10%  higher  than  the  optimum  value. 
Inspection  of  the  waveforms  show  the  source  of  these  misfit  increases  (Figure  2b):  changing 
the  focal  depth  changes  the  separation  between  the  two  pulses  making  up  the  P„i  waveform; 
changing  the  distance  changes  the  separation  between  the  Pni  and  surface  wave  arrivals. 

More  Stations 

If  we  have  data  for  an  event  from  more  than  one  station,  we  apply  the  above  methods  for 
each  station  to  determine  the  apparent  back  azimuth  8;  0bs,  distance  Al0bs>  and  focal  depth. 

Then,  if  we  have  n  well-determined  distances,  and  m  well-determined  back  azimuths,  we 
apply  a  grid  search  over  trial  locations  to  minimize  errors  of  any  given  form,  say,  the  L2 
norm: 

-O’ + -  e/-)2) 

n  +  m  ,  jmX 

where  0;Cai  and  AiCai  are  the  back  azimuth  and  distance  for  the  trial  locations,  and  a  is  a 
weight  factor.  We  normally  use  Q)  —  1,  which  means  that  5  km  of  distance  and  5  degrees 
of  back  azimuth  have  the  same  importance.  For  focal  depth  we  use  a  simple  average  of  all  the 
well-determined  values. 

Further  Examples 

To  illustrate  the  procedure  described  above  we  have  investigated  locations  for  six  earthquakes 
(Table  1).  These  include  events  in  the  Hindu  Kush  and  in  California  with  magnitudes 
between  3.6  and  6.5. 

Two  Hindu  Kush  earthquakes:  For  these  events  we  used  a  single  station,  GAR  (Garm).  For 
the  5  March  1990  event  the  event-station  distance  is  320  km  with  uncertainty  of  5  km  or  less, 
compared  to  336  km  and  315  km  for  the  locations  reported  by  PDE  and  ISC.  The  back 
azimuth  from  waveform  data  is  roughly  the  same  as  that  of  PDE,  134'  For  the  26  May  1989 
earthquake,  the  event-station  distance  is  445  km,  compared  to  439  km  and  434  km  for  PDE 
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and  ISC.  The  back  azimuth  is  77*  from  broadband  velocity  data,  since  the  signal  to  noise 
ratio  of  the  east- west  component  of  the  displacement  is  low.  5*  smaller  than  that  of  PDE. 


Two  northern  California  earthquakes:  For  these  events  we  determined  the  locations  in  Table 
1  using  two  stations,  BKS  and  STAN  (Stanford,  CA).  The  model  used  is  from  Dreger 
(personal  communication,  1993).  For  the  8  March  1992  earthquake,  the  back  azimuths  was 
316°  as  determined  from  waveforms  for  both  stations;  the  event-station  distance  was  325  km 
for  BKS  and  390  km  for  STAN.  The  two  single-station  locations  were  separated  by  about 
20  km,  and  thus  best  joint  location  lay  in  the  middle,  about  10  km  from  the  single-station 
hypocenters. 


For  the  26  April  1992  earthquake,  the  back  azimuths  determined  from  waveform  data  were 
again  the  same,  being  317°  for  both  BKS  and  STAN  (Figure  1).  From  Berkeley  location, 
the  back  azimuth  for  BKS  is  325*,  for  STAN  329*. 

15  September  1992  southern  California  earthquake:  For  this  event  we  determined  a  location 
using  3  stations  (Table  2),  PAS  (Pasadena,  CA),  GSC  (Goldstone,  CA),  and  ISA  (Isabella, 
CA).  The  model  used  to  study  these  two  southern  California  earthquakes  is  the  SC  model 
derived  by  Dreger  and  Helmberger  (1991).  As  discussed  previously,  from  waveforms  at 
PAS  we  obtained  a  source  depth  of  8  km.  Table  2  gives  comparison  of  locations  by  different 
agencies. 


4  January  1993  Southern  California  Earthquake:  This  earthquake  is  small  (ML=3.6).  At 
station  GSC  the  broadband  and  filtered  waveforms  (Figure  3a)  are  noisy,  with  some  apparent 
long-period  contamination.  This  long-period  signal  remains  even  after  it  is  filtered  to 
resemble  a  Wood- Anderson  long-period  (walp)  instrument  We  can  remove  this  long-period 
signal  by  filtering  to  resemble  a  short-period  WWSSN  response  (Figure  3a). 


By  minimizing  the  energy  of  the  first  18  seconds  of  the  tangential  component  short-period 
WWSSN  waveform,  we  obtain  a  back  azimuth  of  127‘,  and  waveform  matching  gives  an 
event-station  distance  of  130  km.  For  the  reported  PDE  location,  the  back  azimuth  at  GSC  is 
significantly  different,  178*,  and  the  event-station  distance  is  112  km.  The  fits  of  the 
synthetics  to  the  filtered  data  are  good  (Figure  3b),  thus  we  believe  that  the  single-station 
distance  is  reasonable.  However,  the  new  location  is  106  km  away  from  PDE  location. 
Presumably  the  gross  discrepancy  in  back  azimuth  determination  occurs  because  of  lateral 
variation  in  structure  between  the  epicenter  and  GSC.  If  we  possessed  more  detailed 
information  about  the  velocity  structure  variations  along  the  path  it  would  be  possible  to 
model  the  Pnl  energy  on  the  tangential  component  and  get  better  estimation  of  back  azimuth. 


CONCLUSIONS  AND  RECOMMENDATIONS 


When  a  reasonable  along-path  velocity  structure  and  relatively  noise-free  broadband  data  are 
available,  the  single-station  methods  described  here  provide  quite  accurate  locations.  For 
example,  for  southern  California,  the  model  SC  (Dreger  and  Helmberger,  1991)  is  good 
enough  to  locate  nearly  all  earthquakes  with  magnitude  of  4.5  and  larger. 


However,  our  preliminary  results  suggest  that  the  principal  difficulty  with  smaller  events  is 
signal-noise  ratio  at  periods  of  10  sec.  This  contaminates  both  the  Pnl  and  surface  wave 
phases,  complicating  our  attempts  to  find  well-constrained  fits  to  the  observations. 
Nevertheless,  it  may  be  possible  to  make  robust  fits  for  events  with  magnitude  3.5  and 
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smaller  in  regions  where  a  reliable,  detailed  regional  velocity  structure  allows  us  to  model 
short-period  seismic  records.  Thus,  our  future  research  will  focus  on  developing  a  library  of 
stations  for  which  we  can  obtain  well-determined  near-stadon  structural  information,  and  on 
relocating  small  regional  events  near  these  stations. 
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Table  1.  New  earthquake  relocations  determined  using  methods  described  in  this  study,  and 
locations  reported  by  PDE  and  by  Harvard. 


Ev  Date  Time 

Mag 

Location  (New) 

Location  (PDE) 

Location  (CMT) 

HK  900305  20:47 

6.0 

36.97*' 

72.90* 

10 

36.85* 

73.01* 

33 

37.04* 

72.85* 

18 

HK  890526  01:08 

4.6 

39.64* 

75.41* 

35 

39.44* 

75.38* 

26 

NC  920308  03:43 

5.5 

40.00* 

-125.01* 

17 

40.23* 

-124.29* 

13 

40.25* 

-124.10* 

15 

NC  920426  07:41 

6.5 

40.14* 

-125.11* 

20 

40.42* 

-124.60* 

20 

40.25* 

-124.61* 

15 

SC  920915  08:47 

5.2 

34.16* 

-115.93* 

8 

34.06* 

-116.36* 

9 

34.49* 

-116.67* 

15 

SC  930104  00:32 

3.6 

34.59* 

-115.67* 

11 

34.29* 

-116.77* 

6 

The  date  information  is  year-month-day,  origin  time  is  hours  and  minutes.  The  location  is 
latitude,  longitude,  and  depth  in  km.  SC  -  Southern  California  earthquake;  NC  -  northern 
California;  HK  -  Hindu  Kush. 


Table  2.  Event-station  distances  (first  number)  and  back 
azimuths  (second  number)  for  the  earthquake  of  15  September  1992. 


Station 

Single-station 

Relocation 

3-Station 

Relocation 

PDE 

CMT 

PAS 

210  98° 

206  90° 

167 

93° 

143 

74° 

GSC 

155  - 

152  148° 

143 

163° 

90 

172° 

ISA 

280  141° 

287  125° 

262 

132° 

208 

128° 

102 
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designated  by  numbers  to  the  right  of  each  trace.  Note  that  there  is  little  or  no  arriving  energy  for  the  tangential- 
component  Pni  phase  (approximately  the  earlier  45  seconds  of  the  waveform)  for  a  back  azimuth  of  317°.  Figure  lb  plots 
the  sum  of  displacement  squared  (proportional  to  arriving  energy)  and  demonstrates  that  the  back  azimuth  with  the 
minimum  energy  tangential  component  is  the  same  regardless  of  whether  time  windows  of  35, 40,  or  45  sec  are  chosen. 


optimum  values  of  210  km  and  8  km. 


Vertical  Radial  Tangential 
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STUDIES  OF  EARTHQUAKES  ON  AND  NEAR  THE  LOP  NOR, 

CHINA,  NUCLEAR  TEST  SITE 


Liping  Gao  and  Paul  G.  Richards* 
Lamont-Doherty  Earth  Observatory,  Palisades,  NY  10964 
(*  also.  Dept,  of  Geological  Sciences,  Columbia  University) 
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OBJECTIVE 

The  estimation  of  focal  mechanisms  and  moment  tensors  of  the  earthquakes  in  the  vicinity 
of  a  nuclear  test  site  is  crucial  in  understanding  the  tectonic  release  associated  with  explosions  at  the 
site.  With  a  record  of  100  seismic  events  a  year  around  the  Lop  Nor  test  site  (within  500  km), 
focal  mechanisms  or  moment  tensor  results  have  been  available  for  only  a  few  events,  and  these 
are  at  m^  >  5.  Most  of  the  events  in  the  area  are  smaller,  and  are  not  recorded  teleseismically. 
Only  in  recent  years,  have  digital  records  become  available.  They  have  provided  an  opportunity  to 
understand  the  seismicity  and  earthquake  characteristics  in  the  Lop  Nor  area,  and  will  be  the  basis 
for  discrimination  studies. 


RESEARCH  ACCOMPLISHED 

We  obtained  the  locations  and  magnitudes  of  a  large  set  of  seismic  events,  occurring  in  the 
years  1970  and  1972-1989,  within  4”  lat/long  of  the  Lop  Nor  test  site  (Figure  1).  The  numbers  of 
events  above  magnitudes  2,  3,  4,  5,  6  are  respectively  2757,  884,  164,  31  and  4.  Though  much 
of  this  seismicity  is  diffuse,  most  of  the  activity  is  concentrated  in  the  Tian  Shan  area.  Two  sub¬ 
parallel  lineaments  can  be  identified  (Figure  1).  One  of  them  is  presumably  associated  with  the 
main  Tian  Shan  fault  system  and  another,  about  150  km  to  the  south,  appears  to  terminate  in  the 
vicinity  of  the  test  site  (Figure  1).  Near  the  test  site,  around  2”  in  lat/long,  the  USGS/PDE  has 
reported  a  total  of  65  events  (including  16  explosions)  during  1953-1991  (some  explosions  are 
listed  as  earthquakes);  but  there  are  972  seismic  events  in  the  Chinese  catalog  from  1972-1989, 
indicating  that  in  fact  this  region  has  quite  high  seismicity. 

Since  most  of  the  events  in  the  area  are  small  (m^  <  5)  they  can  be  well-recorded  only  at 
regional  distances,  and  we  needed  to  adopt  a  method  that  is  able  to  retrieve  the  focal  mechanisms 
by  using  few  stations.  The  only  nearby  digital  station  is  in  Urumqi  (WMQ),  about  240  km 
northwest  from  the  test  site.  Fan  and  Wallace  (1991)  and  Gao  and  Wallace(1993)  used  the  first 
tens  of  seconds  of  the  seismic  records  to  study  the  focal  mechanism.  Zhao  and  Helmberger  (1993) 
have  used  the  whole  waveform  at  regional  distances  to  search  for  fault  plane  solutions.  In  this 
study,  we  apply  an  inversion  scheme  that  uses  both  body  and  surface  waveforms  to  retrieve  the 
focal  mechanisms.  The  procedure  is  similar  to  that  of  Fan  and  Wallace  (1991).  The  Green’s 
functions  of  the  fundamental  faults  SS,  DS,  and  45DS  are  calculated  by  reflectivity.  Then  these 
Green’s  functions  are  converted  to  the  types  associated  with  moment  tensor  elements.  Thus  we 
build  up  the  linear  relationship  Gm  =  D,  where  G  consists  of  Green’s  functions  associated  with 
the  moment  tensor  elements,  m  is  the  model  parameter  to  be  inverted  (the  moment  tensor 
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elements),  and  D  is  the  observed  waveform  data.  The  moment  tensor  m  is  estimated  by  single 
value  decomposition.  In  the  inversion,  the  waveform  is  divided  into  body  wave  segments  and 
surface  wave  segments,  and  a  time  shift  is  allowed  between  the  segments.  Thus  the  errors  in  the 
inversion  caused  by  possible  mislocations  of  events  can  be  avoided. 

The  structure  along  the  wave  propagation  path  is  very  important  in  the  focal  mechanism 
inversions.  The  Lop  Nor  test  site  is  in  an  intermontane  basin  and  surrounding  hills  (Matzko, 
1992,  1994).  Along  the  path  from  Lop  Nor  to  station  WMQ  are  parts  of  the  edge  of  the  Tarim 
basin  and  Tian  Shan  (Figure  1).  The  crustal  structure  along  the  path  is  no  doubt  very  complex. 
There  are  efforts  to  study  the  structures  around  the  Tian  Shan  area  (e.g.  Mangino  and  Ebel,1992; 
Roecker,  et  al.,  1993),  but  the  detailed  structures  of  the  eastern  part  of  Tian  Shan  and  the  northeast 
Tarim  basin  are  not  very  clear.  Here,  we  have  attempted  to  obtain  a  simple  approximate  crustal 
structure  for  the  path  to  WMQ  by  using  an  explosion  on  9/29/1988,  with  0%  =  4.26  (Douglas  et  al. 
1993),  recorded  at  station  WMQ.  This  appears  to  be  the  only  digital  data  available  from  a  Chinese 
station  at  a  regional  distance  for  a  Chinese  nuclear  explosion.  This  event  is  relocated  by  Douglas  et 
al.  (1993)  at  41.759°N,  88.400°E.  We  take  the  model  from  Mangino  and  Ebel  (1992)  as  a  starting 
point  and  reduce  it  to  a  simple  3-layer  crustal  model.  We  then  modify  the  parameters  (a,  p  and 
thickness)  by  trial  and  eiTor  to  fit  synthetics  to  the  observations.  The  synthetics  for  this  event  are 
calculated  for  a  simple  isotropic  source.  The  final  model  and  the  comparison  of  the  waveforms  are 
shown  in  Table  1  and  Figure  2.  After  the  simple  crustal  model  is  obtained,  the  Green’s  functions 
are  calculated  for  each  earthquake  in  our  data  set  In  this  study,  we  have  collected  waveforms  from 
IRIS  for  WMQ  of  events  indicated  in  the  Chinese  catalog.  The  time  window  for  the  catalog  is 
from  1972-1989,  and  year  1970,  but  the  digital  data  from  WMQ  are  available  only  for  1988-1989, 
i.e.  only  for  two  years.  Within  the  data  collected,  only  the  events  within  2°  of  Lop  Nor  and  with 
high  signal-to-noise  ratio  (usually  mj,  >  3.0),  are  studied.  In  this  way,  we  have  obtained  regional 
data  for  a  total  of  15  events  with  location  known  and  close  to  Lop  Nor. 

Figure  3  shows  two  examples  of  the  results  with  whole  waveforms.  One  of  the  events 
occurred  on  3/4/1988,  with  mj,  =  4.0  (distance  to  WMQ  170  km)  and  the  other  on  5/25/1989  with 
=  3.9  (distance  to  WMQ  223  km).  Both  events  show  reverse  faulting.  The  locations  of  these 
events  are  shown  in  Figure  4.  Figure  4  also  shows  the  results  of  13  other  events  we  inverted  in 
this  study  plus  some  results  from  Gao  and  Wallace  (1994)  and  one  event  on  10/2/1993  with  a 
CMT  result.  The  focal  mechanisms  of  the  earthquakes  in  Figure  4  show  a  domination  of  reverse 
faulting  in  the  area.  At  the  test  site  and  nearby,  some  of  the  events  show  a  left-lateral  strike-slip 
faulting  pattern.  The  P  axis  from  the  focal  mechanisms  trend  in  N-S,  NE-SW,  and  NW-SE 
directions. 


SUMMARY  AND  RECOMMENDATIONS 

Although  the  USGS/PDE  and  ISC  catalogs  indicate  little  seismic  activity  in  the  vicinity  of 
the  Lop  Nor  test  site,  the  Chinese  catalog  used  in  our  study  shows  that  in  fact  this  region  has  quite 
high  seismicity.  In  this  report,  we  have  studied  15  earthquakes  in  the  vicinity  of  Lop  Nor,  digitally 
recorded  by  the  nearby  CDSN  station  WMQ.  The  process  of  collecting  other  data,  such  as  digital 
recordings  from  Borovoye,  Kazakhstan,  and  analog  data  from  Chinese  stations  (one  of  them  is 
WMQ)  is  well  underway.  The  ability  to  invert  for  focal  mechanisms  using  few  regional  stations 
(the  extreme  is  single  station  inversion)  provides  an  opportunity  to  investigate  the  small  to 
intermediate  earthquakes  in  the  Lop  Nor  area.  And  the  vast  data  base  of  these  events  will  also 
make  the  region  of  the  Chinese  test  site  an  excellent  source  of  data  for  discrimination  research. 
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Table  1.  Crustal  structure  model 


depth  (km) 

a  (km/s) 

(3  (km/s) 

p  (Mg/m^) 

0  to  7 

5.00 

2.68 

2.00 

7  to  38 

6.80 

3.58 

2.60 

38  to  46 

7.50 

4.20 

2.63 

below  46 

8.00 

4.50 

3.40 
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86°  88*  90“  92“ 


Figure  1.  Seismicity  near  Lop  Nor  (Catalog  from  the  State  Seismological 
Bureau  of  China,  1970-1989).  Seismic  activity  is  concentrated  in  the 
Tian  Shan  area.  The  shaded  area  at  the  lower  right  comer  of  the  test  site 
is  the  site  for  atmospheric  tests,  and  the  shaded  area  at  the  upper  left 
is  the  underground  explosion  site.  Contour  lines  show  elevation 
with  1000  m  increments. 
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mechanisms.  Low  pass  filter  at  comer  frequency  0.25  Hz  applied. 


r  ^ 


Figure  4.  Inversion  results  for  the  earthquakes  from  1988-1993,  including  results 
from  Gao  and  Wallace  (1994),  and  a  CMT  solution  for  the  1993/10/02  event. 

The  focal  mechanisms  show  that  reverse  faulting  dominates  in  the  Tian  Shan- 
Lop  Nor  area.  At  the  test  site  and  nearby,  events  with  left  lateral 
strike-slip  mechanisms  are  also  present,  indicating  tectonic  complexities  in 
the  area.  The  black  triangle  in  the  test  site  is  the  location  of  the  explosion  on 
1988/9/29. 
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OBJECTIVE 


Our  goal  is  to  understand  the  effects  of  the  geometry  of  the  explosion  source  cavity  on  seismic 
wavefields  for  the  purposes  of  developing  potential  nuclear  discrimination  methods.  We  address 
this  goal  by  performing  numerical  simulations  of  the  radiation  of  elastic  waves  by  explosion 
sources  located  in  cylindrical  cavities  of  finite  length.  We  utilize  the  indirect  boundary  element 
method  to  compute  the  seismic  displacement  fields  in  a  homogeneous,  isotropic  formation  sur¬ 
rounding  the  cavity,  which  provides  a  simple  model  of  a  tunnel  in  which  an  explosion  source 
might  be  located.  A  comparison  of  the  P  and  S-wave  radiation  patterns  for  cavities  of  different 
aspect  ratios  shows  that  as  the  aspect  ratio  decreases  (i.e.,  the  cavity  changes  from  very  slender 
to  a  more  equidimensional  shape),  the  amplitude  of  the  S-wave  relative  to  the  P-wave  decreases 
substantially.  Moving  the  source  from  the  exact  center  of  the  cavity  towards  one  end  of  the 
tunnel  causes  the  radiation  pattern  to  approach  that  of  a  single  point  force  because  the  near 
end  of  the  cavity  has  a  more  significant  effect  than  the  more  distant  end. 


RESEARCH  ACCOMPLISHED 


Introduction 


Observations  of  seismic  waves  generated  by  nuclear  explosions  show  that  the  idealized  model  of 
an  explosion  in  an  isotropic  medium  with  its  uniform  P-wave  radiation  pattern  is  not  adequate 
to  describe  the  behavior  of  true  nuclear  sources  (e.g.,  Wallace  et  al.,  1983,  1985;  Priestley 
et  al.,  1990).  While  several  aspects  of  the  explosion  process  such  as  spall  or  tectonic  release 
contribute  to  source  complexity,  deviations  from  the  simple  model  of  a  spherical  source  cavity 
in  an  isotropic  elastic  medium  will  also  have  a  major  impact  on  source  radiation.  Zhao  and 
Harkrider  (1992)  developed  analytic  expressions  for  the  radiation  Irom  an  explosion  source 
located  off-center  in  a  solid  sphere  embedded  in  an  infinite  isotropic  medium.  They  showed 
that  in  this  case  the  source  also  generates  strong  S-waves  in  the  far-field  and  that  the  effects  of 
this  off-center  source  are  strongest  at  high  frequencies.  In  contrast,  Glenn  et  al.  (1985),  Glenn 
et  al.  (1986),  and  Rial  and  Moran  (19d6)  considered  the  effect  of  changing  the  cavity  shape 
from  spherical  to  ellipsoidal  and  estimated  several  properties  of  the  radiated  seismic  waves 
using  a  variety  of  numerical  and  approximate  analytical  methods.  Like  the  off-center  source  in 
the  spherical  cavity,  a  strong  S-wave  can  be  radiated  by  a  source  located  in  the  center  of  an 
ellipsoidal  cavity,  especially  as  the  cavity  becomes  more  and  more  needle-like. 

In  this  work,  we  have  considered  the  radiation  of  elastic  waves  by  an  explosion  source  located 
in  a  cylindrical  cavity  rather  than  the  spherical  or  ellipsoidal  geomeHes.  The  displacement  fields 
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generated  by  an  explosion  source  in  such  a  cavity,  which  serves  as  a  model  of  a  tunnel  drilled  into 
the  surrounding  medium,  are  modeled  with  an  indirect  boundary  element  method.  Although 
our  implementation  requires  that  the  source  must  be  on  the  axis  of  the  cavity,  it  may  be  located 
anywhere  along  the  axis  relative  to  the  ends  of  the  cavity.  We  have  computed  displacement 
fields  and  the  associated  P  and  S-wave  radiation  patterns  for  severed  configurations  of  tunnel 
and  source.  Our  results  show  that  the  radiation  patterns  change  significantly  as  the  source  is 
moved  from  the  center  of  the  cavity  towards  the  end,  that  the  relative  amplitudes  of  P  and 
S-waves  are  sensitive  to  the  aspect  ratio  of  the  cavity,  and  that  the  patterns  are  somewhat 
sensitive  to  frequency. 


Method 


The  indirect  boundary  element  method  (BEM)  has  recently  been  applied  to  the  calculation  of 
acoustic  and  elastic  wavefields  in  and  around  infinite  boreholes  in  both  homogeneous  and  plane 
layered  media  (Bouchon,  1993;  Dong,  1993).  In  addition,  the  method  has  been  extended  to 
apply  to  semi-infinite  cavities  in  order  to  model  the  radiation  from  seismic  sources  on  or  near 
the  bottom  end  of  a  borehole  (Dong,  1993).  The  basic  idea  of  this  approach  is  that  the  effects 
of  the  diffracting  boundary  on  the  displacement  fields  in  the  elastic  medium  can  be  represented 
by  a  set  of  fictitious  sources  located  on  the  boundary,  the  cavity  wall.  Once  these  fictitious 
sources  and  the  Green’s  functions  for  the  elastic  medium  are  known,  the  wavefield  generated 
by  the  source  inside  the  cavity  can  be  calculated  for  a  point  outside  the  cavity.  Our  work 
extends  these  earlier  results  to  include  the  second  end  of  the  cylindrical  cavity  to  model  the 
displacement  fields  generated  by  an  explosion  source  located  inside  a  tunnel. 

The  algorithm  begins  by  discretizing  the  wall  of  the  cylindrical  cavity  into  rings  on  the 
cylinder  and  circular  annuli  on  the  top  and  bottom  capping  surface.*.  Axial  symmetry  is  as¬ 
sumed,  so  that  the  source  must  be  located  on  the  tunnel  axis.  In  general,  there  must  be  at  least 
3  elements  within  the  smallest  wavelength  involved  in  the  calculation.  After  the  discretiza¬ 
tion,  the  magnitudes  of  fictitious  volume  injection  sources  for  the  fluid  inside  the  borehole  and 
vertical  and  radial  force  sources  for  the  elastic  medium  must  be  determined  on  each  element. 
This  is  accomplished  by  enforcing  the  appropriate  boundary  conditions  for  continuity  of  stress 
and  displacement.  Hence,  the  stress  and  displacement  generated  by  each  fictitious  source  must 
be  determined,  which  is  accomplished  using  the  discrete  wavenumber  approach  to  evaluate  in¬ 
tegrals  over  horizontal  wavenumber  (Dong,  1993).  Then,  once  the  initial  displacement  field 
created  by  the  primary  explosion  source  in  the  fluid  is  computed,  the  matrix  of  boundary 
condition  equations  can  be  solved  for  the  magnitude  of  each  of  the  individual  sources  on  the 
boundary  elements. 

Although  the  method  is  relatively  straightforward  to  implement  once  appropriate  expres¬ 
sions  for  each  of  the  Green’s  functions  are  determined,  there  are  some  practical  difficulties.  In 
particular,  the  integrals  for  the  displacement  and  stresses  generated  by  the  elements  on  the 
ends  of  the  cavity  converge  very  poorly,  making  accurate  numerical  solution  difficult.  Previous 
implementations  of  this  method  applied  a  premature  truncation  of  the  integrals,  resulting  in 
serious  errors  in  the  computed  wavefields  (Mandal  et  al.,  1993).  We  have  performed  some  com¬ 
parisons  of  our  BEM  solutions  with  finite  difference  results,  with  good  results  in  most  cases.  In 
general,  the  two  methods  give  very  similar  results  for  P-wave  radiation  patterns,  but  the  finite 
difference  code  tends  to  yield  slightly  larger  shear  wave  amplitudes. 
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Results 

We  applied  the  indirect  BEM  to  a  cavity  80  m  long  inside  a  medium  with  P-wave  velocity 
4000  m/s,  S-wave  velocity  2200  m/s  and  density  2.2  g/cm3.  The  acoustic  velocity  of  the  cavity 
filling  material  was  set  to  10000  m/s  to  simulate  the  shock  wave  created  by  a  nuclear  explosion. 
Displacement  fields  were  computed  for  receivers  at  a  distance  of  10000  m  from  the  source  to 
obtain  the  far-field  radiation  pattern,  and  time  domain  synthetic  seismograms  were  generated 
by  convolving  the  frequency  domain  response  with  a  Ricker  wavelet.  Radiation  patterns  were 
then  estimated  by  rotating  the  seismograms  into  spherical  coordinates  to  isolate  the  P  and 
S-waves  on  the  radial  and  tangential  components  and  picking  the  maximum  amplitude  of  the 
envelope  of  the  different  traces.  Figure  1  shows  the  radiation  patterns  for  several  aspect  ratios 
of  the  cavity,  where  we  define  the  aspect  ratio  as  the  ratio  of  the  length  of  the  cavity  to  its 
diameter.  These  patterns  were  computed  for  a  1  Hz  source  wavelet.  The  pattern  for  the  aspect 
ratio  of  10  is  very  similar  to  that  estimated  by  Rial  and  Moran  (1986),  though  our  S-wave 
is  larger  relative  to  the  P-wave.  As  the  cavity  becomes  more  equidimensional,  the  relative 
amplitude  of  the  S-wave  is  predicted  to  decrease,  and  the  P-wave  radiation  pattern  becomes 
more  spherical. 

The  proximity  of  the  cavity  end  is  also  very  important  in  controlling  the  far  field  radiation 
pattern  (Figure  2).  As  the  source  is  moved  closer  to  the  end  of  the  cavity,  the  reradiation  of 
energy  by  the  near  end  begins  to  dominate  the  signals  seen  in  the  far-field.  In  Figure  2,  the 
source  is  moved  from  the  center  of  the  cavity  towards  the  lower  end  of  the  vertical  cavity.  The 
resulting  patterns  are  essentially  equivalent  to  the  radiation  pattern  of  an  idealized  vertical 
point  force,  reproducing  the  shapes  of  such  patterns,  relative  amplitudes  of  P  and  S-waves,  and 
the  polarity  changes  of  the  waves  with  direction  (Aki  and  Richards,  1980).  When  the  source 
is  moved  half  way  from  the  cavity  center  to  the  end  of  the  tunnel  (20  m),  the  S-wave  signal  is 
already  significantly  larger  than  the  P-wave. 

The  radiation  patterns  obtained  when  the  acoustic  velocity  is  set  to  330  m/s  (to  model  a 
conventional  explosion  in  an  air-filled  cavity)  are  very  similar  to  those  in  Figure  2,  except  that 
the  P-wave  signals  are  slightly  larger  in  the  downwards  direction  and  the  S-wave  signals  are 
slightly  larger  in  the  upwards  direction.  Apparently,  for  this  very  slow  acoustic  wave  velocity, 
the  wavelength  is  close  enough  to  the  size  of  the  cavity  that  the  asymmetry  of  the  source/cavity 
arrangement  has  a  stronger  effect  on  the  far-field  signals  than  for  the  nuclear  model. 

We  have  also  repeated  the  calculations  for  the  model  of  the  nuclear  explosion  using  a  wavelet 
of  5  Hz  (Figure  3).  In  this  case,  the  patterns  are  distorted  so  that  the  idealized  point  force 
radiation  pattern  is  not  obtained  for  the  source  1  m  from  the  end  of  the  cavity.  Instead,  there  is 
still  a  significant  P-wave  signal  traveling  horizontally  from  the  source  tunnel.  This  case  is  very 
interesting,  since  the  seismograms  in  the  two  vertical  directions  have  opposite  polarizations  as  if 
they  were  generated  only  by  the  vertical  point  force.  However,  since  there  is  no  nodal  direction, 
the  phase  changes  gradually  near  the  horizontal  direction,  yielding  unusual  phase  shifts  as  a 
function  of  propagation  direction. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  BEM  is  a  useful  approach  for  simulating  the  far-field  response  of  explosion  sources  located 
along  the  axis  of  finite  length  cylindrical  cavities.  Computational  results  show  that  the  radiation 
patterns  are  sensitive  to  both  the  cavity  aspect  ratio  and  the  location  of  the  source  along  the 
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axis.  As  the  cavity  becomes  more  equidimensionai  and  the  aspect  ratio  decreases,  the  amplitude 
of  the  shear  wave  generated  by  the  explosion  decreases  until  the  radiation  pattern  becomes 
similar  to  that  of  an  ideal  explosion.  However,  for  a  high  aspect  ratio  cavity,  moving  the  source 
towards  the  end  of  the  tunnel  yields  a  radiation  pattern  like  that  of  a  vertical  point  force  at 
lower  frequencies  (e.g.,  1  Hz).  As  frequency  increases,  the  pattern  is  somewhat  distorted. 

While  these  results  provide  some  useful  guidelines  in  understanding  the  behavior  of  ex¬ 
plosions  located  in  tunnels,  future  research  is  needed  to  perform  more  complete  and  realistic 
simulations.  In  particular,  the  BEM  algorithm  can  be  extended  to  apply  to  irregular  cavity 
profiles.  This  has  already  been  done  for  application  to  full  waveform  acoustic  log  synthesis 
(Bouchon  and  Schmitt,  1989).  In  addition,  we  would  recommend  further  work  on  calibrating 
the  method  with  accurate  finite  difference  codes  to  simulate  the  far-held  radiation  of  wavefields 
by  off-axis  sources.  This  latter  problem  can  not  be  solved  with  the  BEM. 
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Figure  1:  Radiation  patterns  for  tunnels  80  m  long  with  several  aspect  ratios,  obtained  from 
synthetic  seismograms  with  a  central  frequency  of  1  Hz.  The  velocities  of  the  surrounding 
medium  are  given  in  the  text.  Note  that  the  cavity  is  oriented  vertically  with  respect  to  these 
patterns,  and  that  the  P-wave  radiation  is  largest  in  the  direction  perpendicular  to  the  cavity 
for  large  aspect  ratio. 
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Figure  2:  Radiation  patterns  for  several  source  locations  in  the  80  m  long  cavity  with  an  aspect 
ratio  of  10  and  a  source  center  frequency  of  1  Hz.  The  distance  from  the  end  of  the  cavity  is 
given  by  H  so  that  the  figure  in  the  upper  left  ( H  =40  m)  shows  the  radiation  patterns  for  a 
source  located  in  the  center  of  the  cavity.  When  the  source  is  off-center,  it  is  located  towards 
the  lower  end  of  the  cavity. 
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Figure  3:  Radiation  patterns  for  several  source  locations  in  the  80  m  long  cavity  with  an  aspect 
ratio  of  10  and  a  source  center  frequency  of  5  Hz.  The  format  of  the  figure  is  the  same  as 
Figure  2.  Comparison  to  Figure  2  shows  that  increasing  source  frequency  has  a  significant 
effect  on  these  far-field  radiation  patterns. 
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Abstract  Geologically  and  petrophysically  constrained  synthetic 
random  velocity  fields  are  important  tools  for  exploring  (through 
the  application  of  numerical  codes)  the  seismic  response  of  small- 
scale  lithospheric  heterogeneities.  Statistical  and  geophysical 
analysis  of  mid-  and  lower-crustal  exposures  has  demonstrated 
that  the  probability  density  function  for  some  seismic  velocity 
fields  is  likely  to  be  discrete  rather  than  continuous.  We  apply  the 
term  "modal"  fields  to  describe  fields  of  this  sort.  This  letter  de¬ 
tails  a  methodology  for  generating  synthetic  modal  fields  which 
satisfy  the  von  KSrmin  covariance  function.  In  addition,  we  ex¬ 
plore  some  of  the  mathematics  of  "modality",  and  define  a 
modality  parameter  which  quantifies  the  variation  between  end 
members  binary  and  continuous  fields. 

Introduction 

The  von  Kdrmin  covariance  is  gaining  increased  recognition 
as  a  useful  tool  for  stochastic  modeling  of  a  wide  range  of  random 
geophysical  fields.  This  parameterized  model  provides  quantita¬ 
tive  estimation  of  basic  physical  characteristics,  including  rms 
variation,  characteristic  or  outer  scale,  Hausdorff  (or  fractal)  di¬ 
mension,  and,  in  two-  or  three-dimensional  form,  structural 
anisotropy.  Von  Kdrman  [1949]  initially  used  it  to  characterize 
random  fluctuations  in  the  velocity  field  of  a  turbulent  medium. 
More  recently,  it  has  been  used  to  model  seafloor  morphology 
[e.g..  Goff  and  Jordan.  1988]  and  seismic  velocity  perturbations 
[e.g..  Wu  and  Aki,  1985;  Frankel  and  Clayton.  1986;  Gee  and 
Jordan,  1988;  Holliger  et  al..  1993,  1994;  Levander  et  al,  1994], 

Like  any  second-order  statistic  (i.e.,  power  spectrum,  var- 
iogram),  the  von  K2rm£n  covariance  is  a  limited  description  of  a 
random  field.  It  contains  no  information  on  the  phase  distribution 
or.  equivalently,  on  the  functional  form  of  the  probability  density 
function.  With  only  a  covariance  description  it  is  impossible,  for 
example,  to  distinguish  a  continuous  Gaussian-distributed  field 
from  a  discrete  binary  field.  The  importance  of  this  limitation  was 
recently  recognized  in  published  work  by  Holliger  et  al.  [1993] 
on  characterization  of  lower  crustal  seismic  velocity  variations. 
In  that  work  and  subsequent  work  on  Archean  upper  and  middle 
crustal  rocks  by  Levander  et  al.  [1994],  petrophysical  properties 
of  various  crustal  exposures  were  used  to  generate  realistic 
models  of  in-situ  seismic  velocity  fields.  Both  studies  found  that 
the  von  KdrmAn  covariance  function  was  an  excellent  repre¬ 
sentation  of  the  second-order  statistics  of  seismic  velocity  fields. 
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However,  they  also  recognized  that  the  velocity  field  of  some 
parts  of  the  crystalline  crust  can  be  discrete  (Figure  1);  i.e..  that 
the  crustal  exposures  consist  of  a  small  number  of  composition- 
ally  distinct  lithologies,  each  having  a  different  velocity.  This  ob¬ 
servation  contrasts  with  the  more  generally  assumed  continuous 
Gaussian  distribution  for  random  velocities  [e.g..  Wu  and  Aki, 
1985,  Frankel  and  Clayton,  1986.  We  use  the  term  "modal"  to 
designate  fields  with  discrete  probability  densities. 

If  we  consider  two  random  velocity  fields,  each  with  identical 
covariance  (including  rms  variation),  but  one  binary  and  the  other 
Gaussian  distributed,  the  respective  seismic  responses  can  differ 
significantly.  For  example,  a  binary  field  may  generate  2-3  times 
the  backscattered  energy  as  a  Gaussian-distributed  field  with  the 
same  covariance  [ Holliger  et  al.,  1994].  Larger  impedance  con¬ 
trasts  associated  with  modal  fields  also  imply  increased  P  to  S 
conversions  compared  to  Gaussian-distributed  fields. 

There  are  two  principal  goals  for  this  letter,  one  purely  prac 
cal  and  the  other  more  philosophical.  The  first  is  to  detail 
methodology  for  generating  synthetic  random  fields  with  specific 
discrete  distributions  and  known  von  K£rm2n  covariance  statis¬ 
tics.  Synthetic  fields  are  realistic  representations  of  random  ve¬ 
locity  heterogeneities  which  can  be  used  to  simulate  the  seismic 
response  to  such  fields  [e.g..  Frankel  and  Clayton,  1986]  For  ex¬ 
ample.  Holliger  et  al.,  [1993]  and  Levander  et  al.  [1994]  have 
demonstrated  qualitatively  that  finite  difference  simulations  on 
modal  fields  with  von  Kirmin  covariance  statistics  successfully 
reproduce  the  character  of  some  crustal  seismic  data.  The 
methodology  for  creating  synthetic  modal  fields  involves  (1)  gen¬ 
erating  a  Gaussian-distributed  synthetic  via  a  Fourier  method,  and 
(2)  mapping  the  probability  space  from  Gaussian  to  discrete  dis¬ 
tributions.  Considerable  effort  is  devoted  to  mapping  the  rela¬ 
tionship  between  the  covariance  function  of  the  starting  Gaussian- 
distributed  field  and  that  of  the  resulting  modal  field. 

The  second  goal  is  to  explore  some  of  the  mathematics  of 
"modality".  We  find  that  the  mapping  between  Gaussian  and 
modal  fields  with  von  K4rm2n  covariance  provides  a  rigorous 
definition  of  a  modality  parameter  which  varies  continuously  be¬ 
tween  2  (binary  distribution)  and  <*>  (Gaussian-continuous  distri¬ 
bution).  This  parameter  quantifies  the  “discreteness"  in  a  proba¬ 
bility  distribution.  We  believe  that,  along  with  properties  associ¬ 
ated  with  covariance  (i.e.,  rms  fluctuation,  characteristic  scales, 
fractal  dimension),  modality  is  an  essential  property  of  a  random 
velocity  field  to  characterize  before  wavefield  propagation 
through  that  field  can  be  predicted  or  understood.  ^ 

The  von  Karman  Covariance  Model 
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We  consider  a  spatially  homogeneous,  zero-mean  random 
field  (i(x,).  a  function  of  vector  position  x,.  With  regard  to  seis- 
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Figure  1.  Velocity  populations  from  crystalline  rock  estimated 
from  geologic  maps  and  petrophysical  data  from  the  Lewisian 
gneiss  complex  (Archean  upper,  middle,  and  lower  crust) 
[Levander  et  al..  1994).  These  examples  display  a  variety  of 
modal  probability  density  functions,  reflecting  the  occurrence  of 
two  or  three  compositionally  distinct  lithologies. 

mic  velocity  variations.  h(x,)  can  be  considered  as  a  small-scale 
random  velocity  field  superimposed  on  a  deterministic,  smoothly 
varying  large-scale  velocity  field  [e.g.,  Holliger  et  al.  .  1993]. 
The  covariance  can  be  defined  in  terms  of  the  2-point  expectation 

Caa(x)  =  £l/i(xi)/i(xi  +  x)],  (I) 

where  x  represents  a  lag  vector  and  E  the  expectation  operator. 

The  following  presentation  of  the  von  K4rm4n  covariance 
model  closely  follows  that  of  Goff  and  Jordan  [1988],  which  con¬ 
tains  an  exhaustive  reference  list  on  this  subject.  We  represent  the 
von  Kdrmin  covariance  model  by 

C**(x)  =  H  JCUr<x))/Cv(0).  (2) 

where  H  is  the  rms  velocity  variation  and  Cyis  defined  by 

GM  =  rvKM,  0$r<-.  v  e  [0.1] .  (3) 

Kv  is  the  modified  Bessel  function  of  the  second  kind  and  order  v. 
Gv  is  plotted  by  Goff  and  Jordan  [1988]  at  several  values  of  v. 
Gv(r)  are  a  class  of  monotonically  decaying  covariance  functions. 
Fields  corresponding  to  this  covariance  representation  are  aperi¬ 
odic.  The  order  parameter  v  controls  the  behavior  of  Gy(r)  at  the 
origin;  its  slope  at  r  =  0  is  zero  for  v  =  I  and  infinite  for  v  =  0. 
Gm(r)  is  simply  an  exponential  function. 

The  function  rix)  can  be  used  to  express  structural  anisotropy, 
typically  an  elliptic  function  which  modifies  the  lag  scale  along 
specified  eigenvectors  [Goff  and  Jordan ,  1988].  The  form  of  r(x) 
has  no  bearing  on  the  formulation  presented  here.  For  simplicity 
we  will  limit  consideration  to  the  isotropic  case  r(x)  =  AqIxI  ■  k,> x. 
Generalization  to  elliptic  anisotropic  functions  is  trivial.  The  co- 
variance  model  considered  here  is  specified  by  three  parameters 
H,  Xfl,  and  v.  The  Hausdorff  (or  fractal)  dimension  D  associated 
with  (2)  is  D  *  N  +  l  -  v,  where  N  is  the  Euclidean  dimension  of 
the  coordinate  vector  x  (e.g.,  Goff  and  Jordan,  1988].  The  param¬ 
eter  v  is  identical  to  the  Hurst  number  [e.g.,  Feder,  1988].  The 
power  spectrum  is  calculated  by  Fourier  transform  of  the  covari¬ 
ance  (see  Goff  and  Jordan  [1988]  for  functional  form).  The 
isotropic  von  Kdrmdn  power  spectrum  contains  a  corner 
wavenumber  at  fc,v  At  higher  wavenumbers  there  is  a  power-law 
(fractal)  behavior,  the  exponent  of  which  is  controlled  by  v.  while 
at  lower  wavenumbers  the  spectrum  is  flat. 


Synthetic  Modal  Fields 

To  generate  a  Gaussian-distributed  random  field  in  one.  two. 
or  three  dimensions  with  known  second  order  statistics  is  straight¬ 
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forward.  We  compute  a  Fourier  spectrum  on  a  regularly  spaced 
wavenumber  grid  by  multiplying  the  square-root  of  the  power 
spectrum  model  by  a  phase  factor  exp(ip).  where  0  is  a  random 
number  uniformly  distributed  on  the  interval  [0,2n).  Hermetian 
symmetry  is  enforced,  and  the  space-domain  image  is  then  ob¬ 
tained  by  inverse  Fourier  transform.  The  uniformly  distributed 
phase  ensures  a  Gaussian  probability  distnbution. 

Non-Gaussian  fields  can  be  derived  from  Gaussian  fields 
through  a  mapping  of  probability  distribution  space  [e.g.. 
Christakos.  1992].  We  consider  the  special  case  of  a  "modal" 
field  h(x,)  which  can  take  on  discrete  values  H[  <  H,  <...  <  H „ 
with  respective  probabilities  p,  (p,  +  p2  +...+  p„  =  I).  Fields  can 
be  rescaled  and  mean  shifted  following  transformation.  For  sim¬ 
plicity  assume  that  Mx,)  has  zero  mean  and  unit  variance 
Beginning  with  a  zero  mean,  unit-variance  Gaussian-distributed 
field  g(x,)  with  covariance  represented  by  the  notation  CM(x),  a 
modal  field  may  be  generated  through  the  following  equations 


*«-i  <  «(* i) 

<  g»=+o° 

[  H„ 

8.-1  < 

g(*l)  <  gi 

„  (4) 

U.. 

go  --<*>< 

J(X|)  <  gl 

rt, 

A  * 

p(g(X,))  dglx,)  . 

(5) 

h>-\ 

The  density  function  p(g(x,))  is  simply  a  Gaussian  function  with 
zero  mean  and  unit  variance.  Equations  (4)  and  (S)  are  a  general¬ 
ized  form  of  non-conditional  indicator  simulation  [e.g..  Journel 
and  Isaaks,  1 984],  Figure  2  shows  an  example  of  a  mapping  from 
a  Gaussian-distributed  field  to  a  binary  field. 

An  alternative  method  for  generating  modal  fields  with  arbi¬ 
trary  discrete  values  is  the  generalized  telegraph  signal  (e.g.. 
Banik  et  al.  [1985],  and  references  therein).  This  methodology, 
based  on  Markov  autoregressive  time  series  modeling,  is  severely 
limited;  the  Hurst  number  is  always  0.5,  and  simulations  can  be 
generated  only  in  1  dimension. 

Probability  distribution  mappings  such  as  (4)  and  (5)  will  alter 
the  form  of  the  covariance.  Where  both  Gaussian  mapped  fields 
have  zero  mean  and  unit  variance,  the  relationship  between  the 
covariance  of  the  mapped  field  C**(x)  and  the  covariance  of  the 
Gaussian  field  CM(x)  is  given  by  [Christakos.  1992] 


too  **» 

10 
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Figure  2.  Demonstration  of  the  mapping  algorithm  (4)  for  a 
simple  binary  case.  Top  profile  is  Gaussian-distributed  with  von 
Kirmdn  covariance  parameters  (equation  (2))  H  =  50  m.  knc  = 
0.70  km'1,  and  vc  =  0.80.  The  bottom  binary  profile  has  been 
mapped  from  the  Gaussian-distributed  profile  using  p,  =  p,  =  0.5 
and  H,  =  -Hz  =  50  m.  The  resulting  von  Kdrmdn  covariance  pa¬ 
rameters  for  the  binary  field,  which  can  be  determined  from  Table 
1 ,  are  H  =  50  m,  ko  =  0.57  km1,  and  v  =  0.37. 
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where  h  is  specified  by  the  mapping  equation  (4).  Hence,  to  gen¬ 
erate  a  modal  field  which  satisfies  the  probability  distribution 
mapping  in  (4)  and  a  particular  covariance  model  C„*(x).  one 
must  first  ascertain  C„(x>  such  that  equation  (6)  is  satisfied. 


von  Karmen  Modal  Fields 

Unfortunately,  determination  of  an  analytic  relationship  be¬ 
tween  C„(x)  and  C^,(x)  using  equation  (6)  appears  to  be  an  in¬ 
tractable  problem.  However,  extensive  trial-and-error  solutions 
have  lead  us  to  conclude  empirically  that  modal  fields  mapped 
from  Gaussian  fields  with  von  K4rm4n  covariance  also  have  von 
K4rm4n  covariance.  This  section  presents  some  results  of  a  sys¬ 
tematic  exploration  of  the  relationship  between  covariance  pa¬ 
rameters  of  starting  Gaussian  fields  and  those  of  mapped  modal 
fields.  The  latter  are  determined  by  fitting  a  von  KSrmin  model  to 
a  numerical  integration  of  equation  (6). 

In  the  following  tabulations,  the  rms  parameter  H  is  not  con¬ 
sidered  because  it  is  irrelevant.  Tabulated  values  of  Hu  Hz . H„ 

are  chosen  for  intuitive  clarity:  i.e..  the  mean  and  variance  of  the 
resulting  modal  function  /i(x,)  are  not  necessarily  0  and  I  respec¬ 
tively.  The  mean  is  subtracted  and  variance  rescaled  to  unity 
prior  to  application  of  equations  (4)  and  (6).  For  clarity,  we  ap¬ 
pend  the  subscript  c  (for  "continuous")  to  denote  the  covariance 
parameters  used  to  generate  the  starting  Gaussian-distributed  field 
(i.e..  k<)  c.  and  vc).  The  parameter  rk  is  the  ratio  between  fc,,  (comer 
wavenumber,  or  lag  scaling  parameter)  for  the  mapped  modal 
field  and  k^,c  for  the  starting  Gaussian-distributed  field.  This 
value  is  general  for  all  e. 


Binary  Fields 

Binary  fields  are  the  simplest  of  modal  fields.  The  binary 
field  covariance  parameters  k„  and  v  depend  only  on  the  three  pa¬ 
rameters  koc,  vc,  and  p,  (p;  =  1  -  p,).  Because  the  binary  field  is 
set  to  zero  mean  and  unit  variance,  the  parameters  Hx  and  Hz  are 
determined  by  p,  (see  Table  l).  There  are  two  important  results 
evident  in  Table  1.  First,  binary  field  values  of  the  Hurst  number 
v  are  roughly  1/2  the  corresponding  value  of  vc,  and  in  all  cases 
less  than  O.S.  This  is  consistent  with  heuristic  arguments  that 
slopes  are  always  negatively  correlated  for  binary  fields  [HoUiger 
etaL,  1993].  Second,  v  is  not  dependent  on  the  proportion  of  the 
binary  field  designated  to  Ht  versus  the  proportion  designated  to 
H2  (specified  respectively  by  Pi  and  pj  =  I  -  p,).  This  implies  a 
fundamental  one-to-one  relationship  between  the  fractal  dimen¬ 
sion  of  a  binary  field  and  the  fractal  dimension  of  the  correspond¬ 
ing  Gaussian-distributed  field  defined  by  the  mapping  equation 
(4).  We  designate  this  relationship  functionally  as  v;(vf).  The 
following  empirical  equation  approximates  this  relationship: 


Table  1.  Von  Karman  covariance  parameters  determined 
for  binary  fields  mapped  from  Gaussian-distributed  fief 


V 

P\  = 

0.5 

Pi  = 

0.59 

Pi  = 

0.70 

Pi  = 

0.85 

rt 

V 

rk 

V 

V 

V 

0.99 

0.78 

0.43 

0.90 

0.80 

0.40 

0.81 

0.40 

0.84 

0.40 

0.95 

0.40 

0.80 

0.82 

0.37 

0.70 

0.83 

0.33 

0.84 

0.33 

0.86 

0.33 

0.99 

0.33 

0.60 

0.84 

0.29 

0.50 

0.85 

0.25 

0.87 

0.25 

0.90 

0.25 

1.05 

0.25 

0.40 

0.86 

0.20 

0.30 

0.87 

0.16 

0.90 

0.16 

0.93 

0.16 

1.12 

0.16 

0.20 

0.88 

0.11 

The  parametric  form  for  the  von  Karmen  covariance  function  is 
given  in  equation  (2).  Binary  fields  are  generated  by  the  mapping 
equation  (4)  with  n  =  2.  H\  -  -1,  Hz  =  +1  (prior  to  removing  mean 
and  rescaling  to  unit  variance),  p,  as  shown  in  table,  and  p.  =  1  - 
p,.  Binary  field  covariance  parameters  are  determined  by  fitting 
equation  (2)  to  a  numerical  integration  of  equation  (6).  The 
starting  Gaussian  field  is  generated  with  v  =  vc  as  shown  in  table. 
The  parameter  rk  represents  the  ratio  between  the  value  of  k,,  for 
the  binary  field  and  k„c  for  the  starting  Gaussian-distributed  field. 
This  value  is  general  for  all  starting  and  mapped  values  of 


Ternary  Fields  and  Fractional  Modality 


Ternary  fields  are  substantially  more  in  complex  than  binal 
fields:  k„  and  v  are  dependent  on  the  relative  values  of  Hu  H2.  am 
//,.  the  respective  probabilities  p,.  Pj.  and  p,.  as  well  as  the  start¬ 
ing  parameters  and  vc.  It  is  impractical  to  present  the  entire 
phase  space  in  tabulated  form.  Table  2  displays  some  representa¬ 
tive  examples  which  enable  an  intuitive  understanding  of  the  rela¬ 
tionships  among  these  parameters.  Two  principal  conclusions  are 
drawn  from  Table  2.  First,  when  //„  Hz,  and  Hz  are  evenly  sepa¬ 
rated  and  have  roughly  similar  probabilities,  a  maximum  value  of 
v  is  obtained  which  is  approximately  equal  to  2vJ3  (exact  for  vc  = 
0.5).  Similar  investigation  of  higher  mode  fields  confirms  an  ap¬ 
proximate  vc(n-l)/n  progression  for  the  maximum  possible  value 
of  v  for  a  given  modal  value  n  (exact  for  vc  =  0.5).  We  designate 
these  values  as  v„(vc).  The  following  empirical  equation  provides 
a  good  representation 


v„(vc)  =  v«2(vc)  +  (vr  -  vc))(n  -  2)1  n  ,  (8) 

where  v2(  vc)  is  given  by  equation  (7). 

The  second  conclusion  derived  from  Table  2  is  the  following: 
the  closer  the  ternary  field  comes  to  being  a  binary  field,  either  by 
bringing  one  of  the  H,  values  closer  to  another  or  by  decreasing 
one  of  the  probabilities  p,.  the  closer  v  gets  to  v,.  This  is  a 
fundamentally  intuitive  result,  and  implies  that  morphological 
"modality",  including  non-integer  or  fractional  modality,  can  be 
quantified  by  the  relationship  between  v  and  For  example,  if 
we  estimate  v  in  the  range  v,  <  v  <  v,.  its  modality  should  ha 
value  between  2  and  3.  Replacing  n  in  equation  (8)  with 
designated  modality  parameter  M.  the  following  can  be  derivei 


v:(vr) 


jvc/2  -  0.12 (Vc- 0.5  ). 
\  Veil  -  0.05  (vc~  0.5  ). 


vf  >  0.5 
vc  <,  0.5 


(7) 
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M(vc,v)  *2(vc-  vs(  vc))/(  vc  -  v)  .  (9) 

Af  can  vary  from  a  2  (binary  field)  to  <*»  (continuous  field). 


GOFFETAL.:  MODAL  FIELDS 


Table  2.  Von  Karman  covariance  parameters  determined 
for  ternary  fields  mapped  from  Gaussian-distributed  fields. 
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0.98 
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0.26 
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0.81 
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The  parametric  form  for  the  von  Kirmdn  covariance  function  is 
given  in  equation  (2).  Ternary  fields  are  generated  by  the  map¬ 
ping  equation  (4)  with  n  =  3  and  H,  (prior  to  removing  mean  and 
rescaling  to  unit  variance)  and  p,  (i  =  1.  2.  3)  as  shown  in  table. 
See  Table  1  for  further  details. 

We  believe  that  morphological  modality,  as  defined  in  equa¬ 
tion  (9),  is  a  very  useful  concept  for  quantifying  an  important  as¬ 
pect  of  the  "non-Gaussian"  nature  of  seismic  velocity  fields  found 
in  the  crust,  and  discrete  random  fields  in  general.  Modality  need 
not  be  confined  to  purely  modal  fields.  If  we  are  interested  in 
quantifying  the  morphological  modality  of  any  field  ri(x,)  that  has 
von  KdrmSn-type  covariance  statistics,  the  following  general 
steps  are  required:  ( 1 )  estimate  the  covariance  parameters  and  v 
for  MX,),  (2)  estimate  the  probability  density  function  p(h)  for 
A(x,)  (for  modal  fields  this  requires  estimating  the  total  number  of 
modes  n.  the  value  of  each  mode  H,.  and  their  respective  probabil¬ 
ities  p,  ( i  =  I . n)).  (3)  define  the  probability  mapping  between 

p(h)  and  the  Gaussian  probability  density  with  zero  mean  and  unit 
variance  (i.e..  equation  (4)  for  modal  fields),  (4)  through  trial-and- 
error  application  of  equation  (6),  determine  covariance  values  k,)c 
and  vc  of  a  Gaussian-distributed  field  g(x()  which,  given  the  prob¬ 
ability  mapping  between  g(x,)  and  h(x,).  will  produce  a  field  with 
identical  covariance  statistics  to  A(x,),  and  finally  (5)  determine 
modality  M  using  equation  (9). 

Conclusions 

Recent  work  suggests  that  the  degree  of  "discreteness"  or 
"modality"  in  velocity  heterogeneity  can  be  important.  This  letter 
provides  two  valuable  tools  for  investigating  the  seismic  response 
to  random  modal  fields:  (1)  a  detailed  method  for  generating 
synthetic  modal  fields  which  conform  to  von  Kdrm4n  covariance 
statistics  and  (2)  a  definition  for  a  modality  parameter. 

Synthetic  fields  are  necessary  for  finite  difference  simulations, 
frequently  the  only  means  available  to  investigate  wave  propaga¬ 
tion  in  highly  heterogeneous  media.  Generating  modal  synthetic 
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fields  involves  the  following  steps:  1 1 )  for  given  mode  n.  values 

hlx ,)  =  H ,  It  =  1 _ « ).  corresponding  probability  density  function 

p,  and  von  Karman  covariance  parameters  It,,  and  v.  determine 
corresponding  parameters  kiu  and  v,  for  starting  Gaussian- 
distributed  field  g(x,)  through  trial-and-error  application  of 
equation  (6),  (2)  generate  a  realization  g(x,)  using  a  Fourier 
method.  (3)  map  g(x,)  via  equations  (4)  and  (5)  to  generate  a  zero 
mean,  unit-variance  modal  field  /i(x,),  and  (4)  rescale  Mx,)  to 
desired  rms  H  and  add  a  desired  mean  value 

The  relationship  between  v  and  v  found  through  a  systematic 
exploration  of  mappings  between  Gaussian  and  modal  fields 
(Tables  1  and  2)  led  us  to  an  empirical  definition  (equations  (8) 
and  (9))  of  morphological  "modality"  M.  This  parameter  quanti¬ 
fies  "discreteness"  in  the  velocity  distnbution.  We  believe  that, 
along  with  properties  associated  with  covanance.  modality  is  a 
critical  component  to  predicting  the  seismic  response  to  random 
velocities  within  the  Earth,  particularly  the  crust. 

Acknowledgments.  We  thank  two  anonymous  reviewers  for  comments. 
This  work  was  supported  by  AFOSR  gram  F49620-94- 1-0100  UTIG 
contribution  #1044.  Crustal  Heterogeneity  Initiative  (CHI)  corn.  #9 


References 

Banik.  N.C..  I.  Lerche.  J.R.  Resnick,  and  R.T.  Shuey.  Stratigraphic  filter¬ 
ing.  Part  II:  Model  spectra.  Geophysics.  50.  2775-2783.  1985. 
Christokos.  G..  Random  field  models  in  Earth  sciences.  474  pp„  Academic 
Press.  San  Diego.  1992. 

Feder.  J  .  Fractals.  183  pp..  Plenum  Press.  New  York.  1988. 

Frankel.  A  .  and  R.W.  Clayton.  Finite  difference  simulations  of  seismic 
scattering:  Implications  for  the  propagation  of  short-period  seismic 
waves  in  the  crust  and  models  of  crustal  heterogeneity.  J.  Ceophys. 
Res  .  91. 6465-6489.  1986 

Gee.  L.S.,  and  T.H.  Jordan.  Polarization  anisotropy  and  fine-scale  struc¬ 
ture  of  the  Eurasian  upper  mantle.  Ceophys.  Res.  Lett..  15.  824-827, 
1988. 

Goff.  J.  A.,  and  T.H.  Jordan.  Stochastic  modeling  of  seafloor  morphology: 
Inversion  of  Sea  Beam  data  for  second-order  statistics.  J.  Ceophys. 
Res  .  93.  13.589-13.608.  1988. 

Holliger,  K..  A.  Levander.  and  J.  A.  Goff.  Stochastic  modeling  of  the  re¬ 
flective  lower  crust:  petrophysical  and  geological  evidence  from  the 
Ivrea  Zone  (Northern  Italy).  J.  Ceophys.  Res..  98.  1 1.967-1 1.980.  1993. 
Holliger.  K..  A.  Levander.  R.  Carbonell.  and  R.  Hobbs.  Some  attributes  of 
wavefieids  scattered  from  Ivrea-type  lower  crust.  Tectonophysics.  in 
press,  1994. 

Journel.  A.  G..  and  E.  H.  Isaaks.  Conditional  indicator  simulation: 
Application  to  a  Saskatchewan  uranium  deposit.  Math.  Geology.  16. 
685-718,  1984. 

Levander,  A..  R.W.  England.  S.K.  Smith.  R.W.  Hobbs.  J.A.  Goff,  and  K 
Holliger.  Stochastic  characterization  and  seismic  response  of  upper  and 
middle  crustal  rocks  based  on  the  Lewisian  gneiss  complex.  Scotland. 
Ceophys.  J.  Ini.,  in  press.  1994. 

von  Kdrmin.  T..  Progress  in  the  statistical  theory  of  turbulence.  J  Mar. 
Res..  7.252-26 4.  1948. 

Wu.  R.-S..  and  K.  Aki.  The  fractal  nature  of  the  inhomogeneities  in  the 
lithosphere  evidenced  from  seismic  wave  scattering.  Pure  Appl. 
Ceophys..  123.  805-818.  1985. 


J.  A.  Goff.  University  of  Texas  Institute  for  Geophysics.  8701  N 
MoPac  Expy.  Austin.  TX  78759.  (e-mail:  goff@utig.ig.utexas.edu) 

K.  Holliger  and  A.  Levander.  Department  of  Geophysics,  Rice 
University,  PO  Box  1892,  Houston.  TX  77001. 


(Received  October  21.  1993;  revised  January  13.  1994;  accepted  January 
21.  1994) 


T  ^ 


A  HYPOTHESIS-TESTING  APPROACH  TO  DISCRIMINANT  ANALYSIS 
WITH  MIXED  CATEGORICAL  AND  CONTINUOUS 
VARIABLES  WHEN  DATA  ARE  MISSING 


H.L.  Gray,  W.A.  Woodward,  and  G.D.  McCartor 
Southern  Methodist  University 
Department  of  Statistical  Science 
Dallas,  TX  75275 

and 


M.D.  Fisk 

Mission  Research  Corporation 
Santa  Barbara,  California 


CONTRACT  NO  F 1 9628-93 -C-0 199 


OBJECTIVE 


In  several  recent  papers.  Gray,  et  al.  have  developed  methodology  based  on  the  maximum 
likelihood  estimator  for  detecting  outliers.  These  results  have  been  applied  very 
successfully  by  Mark  Fisk  at  Mission  Research  Corporation.  One  problem,  however, 
arises  that  can  effect  the  success  of  the  method  --  missing  data.  That  is,  in  many  cases, 
various  features  may  be  missing  in  a  number  of  the  events.  When  this  is  the  case  the 
likelihood  function  cannot  be  calculated  and  the  algorithm  “crashes.”  The  purpose  of  this 
research  is  to  adjust  the  methodology  in  a  statistically  sound  manner  in  order  to  allow  for 
missing  data. 


RESEARCH  ACCOMPLISHED 

In  Baek,  Gray,  Woodward,  Miller,  and  Fisk  (1994)  (subsequently  abbreviated 
BGWMF)  techniques  are  given  for  a  hypothesis-testing  approach  to  discriminant  analysis. 
In  Miller,  Gray,  and  Woodward  (MGW)  (1993)  a  similar  hypothesis-testing  approach  is 
used  for  discriminant  analysis  and  outlier  detection  when  some  of  the  data  are  missing. 
That  paper,  however,  only  considers  the  case  in  which  all  variables  are  continuous  and,  in 
fact,  normally  distributed. 
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In  this  paper  we  remove  those  restrictions  and  extend  the  methodology  to  mixtures 
of  continuous  and  categorical  data  when  both  training  sets  (continuous  and  discrete)  may 
have  missing  data.  We  study  three  algorithms  for  accomplishing  this. 

(1)  The  INDICATOR  algorithm  -  This  algorithm  begins  by  converting  each  categorical 
variable  with  j  categories  into  j  -  1  indicator  variables.  This  results  in  a  larger 
number  of  variables  (unless  all  categorical  variables  are  already  binary,  in  which  case 
the  data  set  is  unchanged).  These  indicator  variables  can  be  analyzed  using 
techniques  for  quantitative  data.  In  this  algorithm  we  make  the  (obviously  incorrect) 
assumption  that  all  variates  are  continuous  and,  in  fact,  normally  distributed.  We 
then  perform  discriminant  analysis  using  the  transformed  data  and  the  techniques  of 
MGW. 

(2)  The  FULL  algorithm  -  Next,  we  model  the  joint  distribution  of  each  observation  in 
the  following  manner:  Suppose  each  observation  consists  of  p  categorical  variables 
and  q  continuous  variables.  The  categorical  variables  define  r  cells  of  a  contingency 
table  in  which  the  observation  could  fail,  where  r  is  the  product  of  the  number  of 
categories  possible  within  each  categorical  variable.  We  assume  that  the  observation 
will  fall  into  cell  i  (i  =  1,  ....  r)  with  probability  pif  and  that  the  conditional 
distribution  of  the  continuous  part  given  that  the  discrete  part  places  the  observation 
into  cell  i  is  multivariate  normal  with  mean  Pj  and  Ej.  We  then  employ  the  EM 
algorithm  to  obtain  maximum  likelihood  estimates  of  parameters  in  this  model  and 
compute  maximized  likelihoods  of  the  available  data,  and  bootstrap  the  ratio  of 
maximized  likelihoods,  as  was  done  in  BGWM. 

(3)  The  COMMON  algorithm  -  This  algorithm  is  essentially  the  same  as  the  FULL 
algorithm,  except  that  we  assume  a  common  covariance  matrix  across  all 
multinomial  cells.  That  is,  the  conditional  distribution  of  the  continuous  part  given 
that  the  discrete  part  places  the  observation  into  cell  i  is  assumed  multivariate  normal 
with  mean  jij  and  E,  with  X  no  longer  depending  on  i.  This  reduces  considerably  the 
number  of  parameters  that  need  to  be  estimated  and  makes  posable  calculation  of 
the  likelihood  ratio  statistic  when  some  cells  may  be  sparsely  represented,  or  not 
represented  at  all. 

Simulation  studies  are  conducted  to  compare  and  contrast  the  performance  of  each 
of  these  procedures  with  regard  to  their  ability  to  accurately  control  the  Type  I  error  rate, 
and  with  regard  to  their  power. 

Suppose  we  wish  to  classify  a  (p+q)-dimensional  random  vector  V  into  one  of  two 
populations  7tj  or  x2.  Suppose  further  that  V  can  be  partitioned  as  V  =  (X,  Y),  where  X  = 
(Xj,  X2,  ...,  Xp)  is  a  p-dimensional  vector  of  categorical  variables  and  Y  =  (Yj,  Y2,  .  .. 
Yq)  is  a  q-dimensional  vector  of  continuous  variables.  Suppose  that  for  i  =  1,  ...,  p,  the 
variable  Xj  takes  on  one  of  the  r^  possible  values  1,  2,  ...,  xr  Then  the  vector  X  takes  on 

one  of  r  =  nP^rj  possible  values.  We  let  'F  denote  the  set  of  all  possible  values  of  the 

vector  X.  Finally,  suppose  that  training  samples  {vf1*},  i  =  1, ...,  Nj  from  Xj  and  {v[2)}, 

i  =  1,  ...,  N2  from  x2,  each  having  the  same  structure  as  V,  are  available,  and  that  data 
may  be  missing  at  random  from  any  part  of  V  or  from  the  training  samples. 


r  i 


The  generalized  likelihood  ratio  test  (GLRT)  procedure  for  classifying  V  into  Kj  or 
*2  is  based  on  a  hypothesis  testing  approach.  That  is,  the  classification  of  V  is  done  by 
testing 


(1) 


g  n2 
€  «2 


The  two  mi sciassifi cation  probabilities  that  we  will  be  interested  in  are  P(2|l)  and  P(l|2), 
where  P(i(j)  denotes  the  probability  of  classifying  V  into  itj  when  in  fact  V  g  tCj.  We  will 
refer  to  a  =  P(2|l)  as  the  significance  level  for  the  test  and  P(2|2)  as  the  power 

Let  m  denote  the  number  of  elements  in  V  that  are  missing  and  let  Y(2)  "  <X(2)> 

Y^pdenote  the  (p  -  m)-variate  vector  of  available  data  in  V.  Similarly,  let  denote  the 


number  of  elements  missing  from  Vp*  and  let  denote  the  (p  -  mpj-variate  vector  of 

available  data  in  (j  =  1,  2;  i  =  1,  2,  ...  Nj).  We  assume  that  ttj  has  joint  density 

function  frVJG^)  and  that  it2  has  joint  density  function  f(V|G^2^),  where  f  is  some 
parametric  density  function  with  parameters  0^  and  6<2)  for  populations  n,  and  ^ 
respectively.  Then,  under  Hq,  the  likelihood  of  V  and  the  training  samples  is  given  by 

l01(0<i)I  v.  v®,  v®, . v®)42<e<2>i  v®,  vf . . v®). 


where 

N1 

l01(8<I)i  V.  V*",  V*1*, ...  ,v®> = f2(v|e<|))nfli(v|1)ie<1)), 
«d2(6<2)i  v®,  v®,  ...  ,v®> = nf2i(vf  V®), 


f2(V|0^^)  is  the  marginal  density  function  for  V(2)  evaluated  at  V(2)  with  parameters  0^\ 
and  f^^O))  is  the  marginal  density  function  for  evaluated  at  ^2)  Wilh 
parameters  0®.  Under  Hj,  the  likelihood  of  V  and  the  training  samples  is  given  by 


where 


Ln(e<l)i  v®.  v*12,  .v®>  -  n|fll(v*1)|9<1)), 
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N2 


Lo2(e(2)l  v>  vf,  v<2), ...  yN2>)  =  f2(v(e<2>)_nf2i(v[2)ie<2>). 


and  f2(V(6^2^)  is  the  marginal  density  function  for  V(2)  evaluated  at  V(2)  with  parameters 
0*2).  We  emphasize  that  these  are  the  likelihood  functions  for  the  available  dam  rather 
than  the  likelihood  functions  for  the  complete  data  since  f2  and  f^  (j  =  1,  2;  i  =  1,  2.  .... 
Nj)  are  marginal  densities  for  the  available  part  of  each  observation,  rather  than  the 
likelihood  functions  for  the  complete  data. 

The  GLRT  procedure  is  based  on  the  ratio 


A/j\  A/j\ 

where  6^  and  0[  are  maximum  likelihood  estimates  of  8^  (j  =  1,  2)  under  the  null  and 

alternative  hypotheses,  respectively.  That  is,  0q^  is  the  MLE  of  0^  based  on  the  sample 

{V,  vj0,  ...  ,  vJJ|},  0q2)  is  the  MLE  of0<2>  based  on  the  sample  {V®,  \f\  ...  , 

V^},  and  &\l)  is  the  MLE  of  0(1)  based  on  the  sample  {V*1*,  V^1*,  ...  ,  V^|},  and  0(2)  is 

the  MLE  of  0<2>  based  on  the  sample  {V,  vfl  ... ,  vJJ*}. 

Equivalently,  the  test  procedure  may  be  based  on  the  statistic 


(3) 

where 

(4) 


X  -  log(LR)  -  Xqj  +  Xq2  -  Xjj  -  X12, 


\>l  -  logf2(V|0^)  +  ,lllogfli(v|1)|0',)), 

\>2  =  ^Ogf2,(V<2»|0<2»). 

J.„=|!logfli(v{1)|8<11>>  ,  and 

xl2  =  logfjW®)  +  sliogf^vf'ief) 


127 


r  i 


A  key  step  in  evaluating  X  for  a  given  sample  is  the  computation  of  the  maximum 
likelihood  estimates  and  the  corresponding  maximized  log-likelihood  functions  Xgj,  Xq2> 
Xjj,  and  X|2  in  equation  (4).  This  is  no  trouble  when  the  data  are  complete,  as  illustrated 
by  (BGWM).  However,  in  the  presence  of  missing  data,  the  usual  expressions  for 
maximum  likelihood  estimates  are  no  longer  valid.  In  this  case,  maximum  likelihood 
estimates  are  obtained  via  the  EM  algorithm  (Dempster,  Laird,  and  Rubin  (1977)).  The 
EM  algorithm  is  an  iterative  procedure  for  obtaining  parameter  estimates  which  maximize 
the  likelihood  function  of  the  available  data.  It  involves  two  key  steps: 


(E  -step)  -  Using  current  estimates  0V  (where  k  now  denotes  the  current  iteration  step, 
rather  than  designating  Jij  or  x2),  estimate  the  values  of  the  complete  data 
sufficient  statistics  by  computing  their  expectations  given  the  available  data. 

(M-step)  -  Determine  the  values  of  the  parameters  which  maximize  the  likelihood  for  the 
complete  data  based  on  the  current  estimates  of  the  complete  data  sufficient 
statistics,  thus  yielding  0^+1\ 


A/t.\ 

The  EM  algorithm  iteratively  performs  E-  and  M-steps  until  the  sequence  {0  }  converges 
to  an  adequate  approximation  to  the  MLE.  To  evaluate  the  test  statistic  X  of  equation  (3), 

we  must  implement  the  EM  algorithm  four  times.  That  is,  0q  and  Xqj  are  based  on  the 


sample  {V,  V*1*,  V^,  ...  ,  V^j},  0q2)  and  \$2  ***  based  on  the  sample  {V^2),  V*2), 
<>,  e?’  “d  *n  are  based  on  the  sample  {V^1*,  V^1*,  ... ,  V^|),  and  0^  and  X12 
based  on  the  sample  {V,  vf  \  \f\ ... ,  V^}. 


The  decision  rule  is  described  as  follows:  small  values  of  X  provide  evidence  in 
favor  ofHj,  hence,  V  is  classified  into  7t2  if  X  <,  Xa,  otherwise  v  is  classified  into  itj.  The 
cut-off  value  Xa  is  chosen  so  that  P(2|l)  =  a,  the  desired  significance  level  for  the  test. 
Since  the  null  distribution  of  X  is  not  known,  the  critical  value  is  approximated  by  the 
parametric  bootstrap  (Efron  1979).  For  some  large  integer  B,  B  bootstrap  samples  {V*, 

V^,  \2*\  ...  ,  vj1*}  are  simulated  from  a  distribution  with  density  f(V|0^  and  B 
*(2)  *(2)  *(2) 

bootstrap  samples  {Vj  ,  V2  , ... ,  VN^  }  are  simulated  from  a  distribution  with  density 
f(V|0<2)),  where  0^  and  0®  are  MLEs  obtained  from  the  samples  {V^1*,  ... ,  V^|), 


and  (V^,  \  ...  ,  V^},  respectively.  (Notice  that  in  this  case,  0^  =  0j^  and  0^*  = 

A(2)  2 

0q  .)  When  there  are  missing  values,  the  simulated  bootstrap  samples  should  also  have 


missing  values  in  a  configuration  similar  to  that  in  the  actual  data.  For  each  bootstrap 

*  *  * 

sample,  the  test  statistic  X  is  computed,  thus  generating  a  random  sample  {X},  X2, ... ,  Xg} 
of  variates  that  have  approximately  the  same  distribution  as  X  under  Hq.  For  an  a-level 
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test,  the  cut-off  value  Xfl  is  chosen  as  the  a-th  empirical  quantile  of  {Xj,  X2,  ...  ,  Xg} 

Finally,  V  is  classified  into  Jtj  if  X  >  Xa;  V  is  classified  into  tc2  if  X  ^  Xa. 

As  was  pointed  out  in  (MGW),  this  test  procedure  is  only  an  approximation  to  the 
true  GLRT  procedure  since  the  critical  value  is  obtained  via  bootstrapping  and  we  may 
further  relax  our  approximation  to  the  true  GLRT  procedure  by  relaxing  the  number  of 
iterations  performed  by  the  EM  algorithm.  That  is,  we  may  choose  a  stopping  criterion 
for  the  EM  algorithm  that  does  not  continue  iteration  until  convergence  has  been  obtained 
to  a  high  degree  of  accuracy.  Whatever  the  stopping  criterion,  bootstrapping  the  test 
statistic  insures  an  approximate  a-level  test.  As  in  (MGW),  it  would  appear  that  very  little 
power  is  lost  by  only  performing  a  very  few  iterations  of  the  EM  algorithm,  as  opposed  to 
carrying  out  iterations  until  MLEs  are  obtained  with  a  high  degree  of  accuracy. 

We  have  performed  simulations  of  each  of  the  three  algorithms  (INDICATOR, 
FULL,  and  COMMON)  based  on  several  different  parameter  configurations  in  order  to 
determine  how  well  the  algorithm  controls  the  Type  I  mi sclassifi cation  probability  as 
desired,  and  to  assess  the  power  P(2|2)  of  each  algorithm.  We  also  keep  track  of  how 
many  times  the  algorithm  fails  to  classify  the  observation  at  all.  These  failures  occur  when 
for  some  reason  the  simulated  data  fails  to  yield  full-rank  estimates  of  all  required 
covariance  matrix  parameters.  This  resui.s  in  an  undefined  test  statistic  X.  This  happens 
most  frequently  in  the  FULL  algorithm,  and  is  caused  by  a  very  few  number  of 
observations  falling  into  one  or  more  of  the  multinomial  cells.  It  happens  occasionally  in 
the  INDICATOR  algorithm  when  at  least  one  possible  value  of  a  categorical  variable  is 
not  represented.  Failures  may  occur  when  the  test  statistic  is  undefined  for  the  sample 
which  we  are  trying  to  classify,  and  also  when  the  statistic  is  undefined  for  attempted 
bootstrap  samples.  We  see  in  our  simulations  that  the  COMMON  algorithm  is  least 
susceptible  to  these  types  of  failures.  Full  details  of  the  results  of  these  simulations  along 
with  a  careful  documentation  of  each  algorithm  employed  will  be  available  in  a  more 
detailed  paper  to  be  distributed  at  the  poster  session.  Code  for  performing  outlier 
detection  in  the  presence  of  missing  data  is  available  through  Mission  Research 
Corporation. 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  this  paper,  we  have  extended  the  results  of  BGWMF  and  MGW  to  perform 
discriminant  analysis  with  categorical  and  continuous  variables  when  data  are  missing.  We 
presented  three  algorithms  for  doing  so.  In  simulation  studies,  we  have  observed  that  the 
INDICATOR  algorithm  has  a  tendency  to  yield  a  higher  Type  I  error  rate  than  desired. 
The  FULL  algorithm  often  fails  due  to  singular  parameter  estimates  when  some  value  of 
the  discrete  part  is  sparsely  represented.  The  COMMON  algorithm  seems  to  avoid  these 
problems,  and  is  therefore  the  preferred  algorithm,  especially  when  samples  are  small  and 
the  assumption  of  a  common  covariance  matrix  across  all  multinomial  cells  is  reasonable. 


129 


REFERENCES 


f  ^ 

L  A 


Baek,  J.,  Gray,  H.  L.,  Woodward,  W.  A.,  and  Miller  J.  W.  (1993),  “A  Bootstrap 
Generalized  Likelihood  Ratio  Test  in  Discriminant  Analysis.” 

Dempster,  A.  P.,  Laird,  N.  M.,  and  Rubin,  D.  B.  (1977),  “Maximum  Likelihood 
Estimation  from  Incomplete  Data  via  the  EM  Algorithm”  with  discussion,  J.  Royal 
Slat.  Soc.,  ,1-38. 

Efron,  B.,  (1979),  “Bootstrap  Methods.  Another  Look  at  the  Jackknife,”  Annals  of 
Statistics ,  7, 1-26. 

Little,  R.  J  A  &  Rubin,  D.  B.  (1987)  Statistical  Analysis  with  Missing  Data.  New 
York:  WUey. 

Little,  R.  J.  A.  &  Schluchter,  M.  D.  (1985)  Maximum  likelihood  estimation  for  mixed 
continuous  and  categorical  data  with  missing  values.  Biometrika  72, 497-512. 

Krzanowski,  W.  J.  (1980)  Mixtures  of  continuous  and  categorical  variables  in 
discriminant  analysis.  Biometrics  36,  493-499. 

Krzanowski,  W.  J.  (1982)  Mixtures  of  continuous  and  categorical  variables  in 
discriminant  analysis:  a  hypothesis-testing  approach.  Biometrics  38,  991-1002. 


L  A 


Miller,  J.  W.,  Gray,  H.  L.,  and  Woodward,  W.  A.  (1993),  “A  Bootstrap  Generalized 
Likelihood  Ratio  Test  in  Discriminant  Analysis.” 

Olkin,  I.,  &  Tate,  R.  F.  (1961)  Multivariate  correlation  models  with  mixed  discrete  and 
continuous  variables.  Ann.  Math.  Statist.  32,  448-65 


Y  i 

L  A 


150 


High  Frequency  3-Component  Waveform  Inversion 

for  Source  and  Structural  Parameters 

by 

Roger  A.  Hansen  and  Danny  J.  Harvey 
Department  of  Physics 
University  of  Colorado 
Campus  Box  583 
Boulder,  CO  80309-0583 

Contract  No:  F49620-94-1-0109 

Objective: 

We  are  continuing  a  study  aimed  at  obtaining  fundamental  understanding  of  re¬ 
gional  wave  propagation  by  attempting  to  match  synthetic  seismograms  with  real  data. 
In  the  process  we  have  learned  much  about  die  behavior  of  P,  S,  Lg  and  Rg  and  how 
they  relate  to  earth  structure,  source  characteristics  and  source-receiver  geometry.  Pre¬ 
viously,  we  reported  on  a  two  phase  study  in  which  we  identified  and  analyzed  a  set  of 
local  and  regional  seismic  events  recorded  near  the  former  Soviet  test  site  at 
Semipalatinsk.  We  then  applied  full  waveform  inversion  to  selected  events  to  extract 
source  and  structure  parameters.  We  found  that  for  certain  source-receiver  paths  we 
could  do  a  very  good  job  of  matching  complete  seismograms  on  radial  and  vertical 
components  up  to  a  frequency  of  one  Hertz  including  P,  S  and  Rg  phases  using  shallow 
explosion  sources.  For  other  source-receiver  paths  the  fits  were  not  so  good  using 
shallow  explosion  sources,  however  we  obtained  good  fits  on  all  three  components  by 
assuming  a  5  km  deep  earthquake  source.  These  results  indicate  that  waveform  inver¬ 
sion  can  be  used  to  discriminate  small  shallow  explosions  from  small  relatively 
shallow  earthquakes.  The  current  objectives  are  to  utilize  the  structural  parameters 
obtained  earlier  in  a  moment  tensor  inversion  process  to  more  fully  characterize  the 
source  processes.  Single  station  inversions  for  station  KKL  (of  the  NRDC  network  in 
operation  during  1987-1988),  are  used  to  estimate  the  ability  of  single  station  3- 
component  waveforms  to  discriminate  explosion  sources. 

Research  Accomplished 

We  used  seismic  data  recorded  as  part  of  the  NRDC  program  conducted  during 
1987.  The  NRDC  network  was  operated  by  the  University  of  California,  San  Diego  and 
consisted  of  three  stations  that  surrounded  the  Shagan  River  and  Degelen  Mountain 
areas  of  the  Eastern  Kazakhstan  Soviet  test  site.  Although  there  were  three  stations  in 
the  NRDC  network,  throughout  most  of  the  year  only  one  or  two  stations  were  opera¬ 
tional  and  the  most  consistent  station  was  KKL  (Karkaralinsk).  All  of  the  results  in  this 
study  are  based  upon  data  collected  at  KKL.  We  used  as  our  data  source  the  NRDC 
Information  Product  which  was  compiled  by  IRIS’  Joint  Seismic  Program  Center  and 
distributed  through  the  IRIS  Data  Management  Center. 
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The  instrumentation  at  KKL  consisted  of  surface  1  Hz  3-component  seismome¬ 
ters  and  a  borehole  0.2  Hz  3-component  seismometer  all  recording  at  two  different  gain 
levels  (on  16-bit  digitizers)  and  at  250  sps.  The  site  was  on  granitic  bedrock  and  gen¬ 
erally  exhibited  low  noise  characteristics.  All  of  the  results  presented  in  this  study  are 
based  upon  the  borehole  instruments  that  were  at  a  depth  of  100  m. 


The  region  around  KKL  is  an  active  mining  area  with  many  shallow  explosions 
and  generally  exhibits  low  natural  seismicity.  Most  seismicity  in  the  area  is  of  the  "in- 
d'  type  and  is  associated  with  the  large  nuclear  explosions  at  the  former  Soviet  test 
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A  total  of  69  events  were  used  in  this  study.  These  events  were  determined  by 
scanning  through  one  year’s  worth  of  data  recorded  at  KKL  looking  for  any  events  that 
had  clearly  identifiable  P  and  S  arrivals  and  whose  S-P  times  were  consistent  with 
distances  of  less  than  500  km.  Event  epicenters  were  determined  by  using  the  S-P 
distances  along  with  back  azimuth  estimates  that  were  obtained  from  polarization 
analysis.  All  events  were  assumed,  initially,  to  be  shallow  mining  blasts.  A  map  of  the 
69  events  used  in  this  study  is  shown  in  figure  1. 


Although  the  epicenters  determined  from  a  single  station  location  are  subject  to 
some  scepticism,  we  think  that  they  are  fairly  good  as  indicated  by  the  clustering  that 
would  be  characteristic  of  mining  operations  especially  to  the  west,  south  and 
southwest.  These  directions  also  correspond  to  the  source-receiver  paths  for  which  we 
can  best  fit  the  data.  The  locations  to  the  north  however  are  not  particularly  clustered, 
even  though  we  know  that  this  is  an  active  mining  region.  This  direction  also  represents 
source-receiver  paths  for  which  we  have  difficulty  fitting  synthetic  seismograms  to  the 
data. 


Figure  2  shows  the  unfiltered  KKL  vertical  components  for  all  events  sorted  by 
azimuth  and  distance.  All  of  the  times  are  relative  to  the  first  P  arrival  time.  The  labels 
on  the  left  of  each  trace  give  the  distance  and  back  azimuth  in  degrees  to  each  event 
which  can  be  used  to  identify  the  events  in  figure  1.  Probably  the  most  interesting 
characteristic  of  the  data  that  can  be  seen  from  this  figure  is  the  great  variability  in  the 
excitation  of  Rg.  If  one  looks  carefully  at  the  data  it  appears  that  events  to  the  south  and 
west  systematically  show  larger  Rg  amplitudes  than  events  to  the  north  or  east  (with  the 
exception  of  the  very  local  events).  The  data  shown  here  represent  a  rich  source  of 
information  that  provide  us  with  the  means  for  learning  about  local  and  regional  wave 
propagation.  Further  description  of  this  data  and  the  structural  inversions  can  be  found 
in  Harvey  (1993). 


We  conducted  a  two  phase  study  in  which  we  characterized  a  number  of  small 
events  in  Eastern  Kazakhstan  in  the  distance  range  of  10  to  320  km  and  we  inverted  full 
waveform  data  for  structural  and  source  parameters.  We  found  that  there  was  a  strong 
variability  in  Rg  propagation  characteristics  as  a  function  of  azimuth  for  the  single 
station  we  used  in  this  study.  We  quantified  this  variability  in  terms  of  Rg  dispersion 
function  and  amplitude  characteristics  as  a  function  of  azimuth.  We  inverted  for  near 
surface  structural  parameters  using  observed  Rg  dispersion  and  found  reasonable  azi¬ 
muthal  variations. 


We  used  full  waveform  inversion  to  determine  structural  and  source  parameters 
for  events  to  the  south  of  KKL.  Although  we  only  performed  the  structural  inversion 
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for  one  event,  we  found  that  the  inverted  structural  model  worked  well  for  predicting 
wave  propagation  effects  for  other  events  in  the  near  vicinity  of  the  event  used  in  the 
inversion.  Waveform  inversion  was  used  to  refine  single  station  relative  locations  of 
presumed  mining  explosions  resulting  in  a  reduction  of  event  clustering  from  several 
tens  of  km  to  several  km. 

The  inverted  structural  model  was  used  for  computing  theoretical  seismograms 
for  a  number  of  events  that  were  not  in  the  vicinity  of  the  original  event  cluster  used  in 
the  inversion.  A  sudden  change  in  the  observed  waveforms  was  successfully  modeled 
by  changing  the  source  from  a  shallow  explosion  to  a  5  km  deep  double  couple.  No 
other  changes  in  the  structural  parameters  were  required  in  order  to  accomplish  this  fit. 

We  have  demonstrated  the  ability  to  invert  full  waveform  data  up  to  a  frequency 
of  1  Hertz  for  both  structural  and  source  parameters  and  to  produce  excellent  matches 
between  observed  and  theoretical  seismograms.  We  have  shown  that  waveform  match¬ 
ing  can  be  used  to  discriminate  between  small  shallow  explosions  and  small  relatively 
shallow  earthquakes.  Both  the  Rg  and  S  phases  play  an  important  role  in  this  waveform 
based  discrimination.  All  of  these  results  were  obtained  using  a  reasonable  and  fairly 
simple  structural  model  with  no  lateral  scattering. 

Although  we  have  experienced  remarkable  success  with  this  particular  study, 
there  are  many  questions  that  remain  unanswered  and  much  more  work  to  be  done.  In 
the  obvious  next  step  we  applied  an  approach  of  source  inversion  that  utilizes  a  mo¬ 
ment  tensor  formulation  to  the  data  at  station  KKL.  This  allows  for  the  evaluation  of 
the  capability  of  a  single  seismic  station  to  determine  an  explosive  source  with  a  data 
set  of  mining  explosions.  Furthermore,  in  this  report  we  have  concentrated  on  trying 
to  evaluate  to  what  frequency  we  can  match  waveforms  for  the  close-in  data  in  the  top 
few  traces  of  Figure  2. 

As  an  example,  we  present  the  analysis  of  the  3-component  KKL  recording  for 
the  event  on  May  23,  1987  at  a  distance  of  21  kilometers  from  KKL  (figure  3).  The 
method  of  moment  tensor  inversion  is  that  of  Hansen  (1989)  as  applied  to  seismic 
events  in  Norway  by  Hansen  et.  al.  (1989)  and  Bungum  et.  al.  (1990).  This  procedure 
consists  of  filtering  the  data  to  die  band  of  interest  and  then  matching  the  waveforms  to 
synthetic  seismograms  in  both  a  forward  and  an  inverse  sense.  Green’s  functions  are 
calculated  using  the  Locked  Mode  Approximation  method  of  Harvey  ( 198 1 )  in  order  to 
model  both  body  and  surface  waves  simultaneously.  In  our  case  here,  we  are  able  to 
model  the  high  frequency  surface  waves,  or  Rg  waves,  from  these  close-in  events,  ob¬ 
taining  zeroth  order  moment  tensors.  The  moment  tensor  representation  is  then 
decomposed  into  standard  equivalent  sources  of  explosion,  double  couple,  and  com¬ 
pensated  linear  vector  dipole.  The  results  of  the  fit  to  the  May  23  event  are  given  in 
figure  4.  Here  we  see  the  fit  of  the  3-component  data  with  the  synthetic  seismogram 
plotted  below  each  data  trace  up  to  a  frequency  of  4  hertz.  Note  that  the  transverse 
component  is  quite  small  relative  to  the  vertical  and  radial  components.  To  the  right  of 
Figure  4  is  the  P-wave  focal  sphere  calculated  from  the  moment  tensor  solution.  The 
best  double  couple  (which  only  consist  of  4.5%  of  the  solution)  is  shown  as  the  fault 
planes,  while  the  nearly  30%  explosion  and  66%  CLVD  are  expressed  as  a  contour  plot 
of  amplitude  on  the  focal  sphere.  (Similar  results  are  obtained  for  more  limited  fre¬ 
quency  ranges  for  this  and  other  events  within  this  data  set).  Experience  with 


earthquake  solutions  within  Norway  indicate  that  this  is  obviously  the  solution  of  an 
explosive  source  that  has  some  spatial  and  temporal  extent  folding  into  the  CLVD  part 
of  the  zeroth  order  moment  tensor.  Such  a  source  may  well  be  a  ripple  fired  mining 
blast.  A  sonogram  of  the  P-wave  train  for  this  event  is  shown  in  Figure  S,  illustrating 
a  scalloping  effect  as  a  function  of  frequency  indicative  of  a  ripple  fired  blast.  The  fact 
that  the  CLVD  component  appears  to  have  a  horizontal  rather  than  vertical  extent  may 
well  be  due  to  the  extended  explosive  source. 

Conclusions  and  Recommendations 

Preliminary  results  demonstrate  the  ability  to  invert  full  waveform  data  up  to  a 
frequency  of  4  hertz  for  close  in  data  obtaining  non-double  couple  moment  tensor  so¬ 
lutions  for  obvious  mining  blasts  with  excellent  matches  between  observed  and 
theoretical  seismograms.  Such  waveform  matching  can  be  used  to  discriminate  be¬ 
tween  shallow  explosions  and  small  relatively  shallow  earthquakes  through  an 
inteipretation  of  equivalent  force  representations  of  the  moment  tensor  solution. 

We  recommend  a  continuation  of  such  waveform  matching  to  much  larger  dis¬ 
tances  and  in  other  regions  of  interest  to  determine  and  quantify  the  repeatability  of 
these  results  as  compared  to  known  events  including  the  three  large  NRDC  chemical 
explosions  and  the  Soviet  JVE  nuclear  explosion.  In  subsequent  studies  the  existing 
1-D  waveform  inversion  method  will  be  further  developed  and  applied  to  a  large 
amount  of  data  in  the  distance  range  of  10  to  3000  km,  and  from  a  variety  of  geologic 
and  seismic  settings.  The  first  step  in  this  process  is  to  define  the  frequencies,  dis¬ 
tances,  and  geologic  regions  for  which  lateral  scattering  plays  a  secondary  role  and 
which  can  be  represented  well  with  1-D  structure.  The  major  thrust  of  this  study  will 
be  to  verify  the  utility  of  waveform  inversion  for  the  purpose  of  seismic  discrimination, 
to  invert  for  crustal  and  upper  mantle  structure  in  Eurasia,  to  define  the  operating 
bounds  of  existing  1-D  inversion  methods  in  terms  of  geology,  distance  and  frequency, 
and  to  identify,  develop,  and  evaluate  several  tractable  theoretical  approximations  for 
handling  lateral  scattering  in  an  effective  manner. 
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Figure  4.  Results  of  moment  tensor  inversion  for  a  mining  explosion  near  station  KKL.  The 
figure  show  fits  of  the  3component  data  (top  traces)  the  synthetic  data  (lower  traces)  in  a  least 
squares  sense.  To  the  right  is  the  P-wave  focal  sphere  calculated  from  the  moment  tensor 
where  the  amplitude  is  contour  plotted,  and  the  4.5%  best  fit  double  couple  is  illustrated  by  the 
solid  lines. 
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Figure  5.  Sonogram  of  the  P-wave  train  for  the  event  illustrated  in  Figure  4.  Note  the 
scalloping  effect  as  a  function  of  frequency. 
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OBJECTIVE 

To  determine  if  the  earthquake  like  surface  wave  radiation  almost  always  accompaning  under¬ 
ground  explosions  and  usually  explained  by  tectonic  stress  release  might  in  some  instances  be  due  to 
an  explosion  in  a  horizontal  tunnel. 


RESEARCH  ACCOMPLISHMENTS 


In  order  to  simulate  the  tunnel  environment  and  to  obtain  simple  analytic  albeit  approximate  and 
quick  results  without  the  need  for  the  time  expensive,  totally  numerical  results  of  a  finite  difference 
calculation,  Ben-Menahem  and  Mikhailov  (1994)  developed  a  spherical  mapping  approximation  for  the 
evaluation  of  displacement  fields  from  explosions  in  non-spherical  cavities  embedded  in  an  elastic 
medium.  In  their  approximation  the  explosion  generated  stress  distribution  is  mapped  onto  the  surface 
of  an  equivalent  virtual  spherical  cavity  completely  surrounding  the  true  cavity.  The  analytical  results 
express  the  displacement  field  in  terms  of  a  multipole  expansion  of  spherical  eigenvectors.  For  our  tun¬ 
nel  simulatuion,  we  use  their  results  for  a  right  circular  cylindrical  cavity. 


Terminating  their  expanion  at  order  two,  they  showed  that  the  symmetric  cavities  are  equivalent 
to  a  second  order  seismic  moment  tensor  solution  where  the  diagonal  elements  are  directed  along  the 
principal  cavity-axes.  If  we  terminate  the  expansion  at  this  order,  the  time  functions  for  each  moment 
tensor  component  depend  on  whether  they  are  associated  with  P  or  S  waves.  This  is  typical  of  all  finite 
sources  which  can  be  modeled  by  a  point  source  moment  tensor  because  of  symmetry.  At  very  long 
periods,  this  radiation  field  is  the  same  as  that  due  to  the  rapid  formation  of  a  spherical  cavity  in  the 
presence  of  tensile  stress  and  differs  only  by  sign  if  the  initial  stress  is  compressioa  The  two  sources 
differ  at  shorter  periods  only  by  their  respective  moment  tensor  time  functions.  Because  of  this,  the 
algebra  needed  in  determining  their  surface  wave  excitation  is  essentially  the  same.  The  tectonic 
release  of  the  closely  related  cavity  in  a  compressive  stress  field  is  interesting  in  that  its  isotropic  part 
is  the  negative  of  an  associated  explosion  and  would  tend  to  mask  the  actual  size  of  the  explosion.  For 
periods  of  20,  10,  and  1  seconds  in  the  chosen  source  medium,  it  was  found  that  the  time  finctions 
were  essentially  step  functions  in  moment  for  cavity  radii  much  less  than  one  kilometer  and  even  at  a 
radius  of  1  km.,  only  the  1  second  radiation  showed  a  significant  difference  in  P  and  S  moments. 


We  show  20-sec  Rayleigh  and  Love  wave  radiation  patterns  for  the  horizontal  right  cylinder  with 
diameter  to  length  ratios  ranging  from  a  finite  length  line  source  (zero  diameter)  to  a  disk  (zero  length). 
The  diameter  to  length  ratio  is  parameterized  by  the  angle  0O  shown  in  Figure  1.  The  radiation  patterns 
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shown  are  for  0<j=O  (finite  line),  22.5,  45,  50.3,  67.5,  and  90  (disk)  degrees.  As  pointed  out  by  Ben- 
Menahem  and  Mikhalov  (1994),  for  0O  =  50.3  degnees,  the  cylinder  at  long  periods  has  the  same  radia¬ 
tion  pattern  as  a  spherical  cavity  ,  ie.  no  azimuthal  dependence  for  Rayleigh  waves  and  no  Love 
waves.  The  source  depth  is  0.  6  km  in  an  elastic  propagation  model  of  the  Western  US  (Wang  and 
Herrmann,  1989).  In  the  Figures,  the  symmetry  axis  of  the  cylinder  is  in  the  x  direction  or  zero 
azimuth  (up  on  the  figure).  The  equivalent  tectonic  release  model  shown  is  that  created  by  the  rapid 
formation  of  a  spherical  cavity  in  a  plane  tensile  stress  field  in  the  horizontal  direction, 

The  Rayleigh  wave  radiation  patterns  (solid  line)  agree  with  the  Rayleigh  wave  pattern  for  a 
homogeneous  half  space  shown  in  Ben-Menahem  and  Mikhailov  (1994).  The  Love  wave  radiation 
pattern  for  all  the  sources  is  identical  to  a  vertical  strike-slip  fault  with  a  strike  45  degrees  from  the 
axis  of  symmetry.  The  tectonic  release  model  used  in  this  paper  was  chosen  because,  other  than  the 
strengths  of  its  moments,  its  analytic  expression  was  identical  to  the  horizontal  right  cylinder.  Also,  it 
has  been  suggested  that  a  more  realistic  model  of  the  tectonic  regeme  associated  with  underground 
explosions  in  some  regions  might  be  plane  compression  or  tension  rather  than  the  pure  shear  assumed 
for  NTS.  For  pure  shear  field,  ,  the  Love  wave  radiation  pattern  is  again  identical  to  vertical  strike- 
slip  fault  but  with  the  strike  shifted  45  degrees  from  that  shown  here. 

Since  at  a  period  of  20  seconds  all  that  differs  between  the  various  source  models  are  the 
moment  tensor  comnponets  M u,  M-&  and  A/33,  we  show  their  values  at  the  top  of  each  radiation  pat¬ 
tern.  Also  because  of  this,  it  should  be  noted  that  the  radiation  patterns  and  the  relative  excitation 
between  Rayleigh  and  Love  waves  are  a  function  of  the  relative  weights  of  the  3  moment  tensor  com¬ 
ponents  and  not  their  absolute  values.  Their  absolute  values  are  determnined  by  the  explosion  pressure 
or  initial  stress  for  the  tectonic  source  and  their  respective  cavity  dimensions. 

The  Rayleigh  and  Love  radiation  patterns  are  almost  identical  for  the  tectonic  release  and  the  flat 
disk  sources.  They  are  shown  in  Figure  2  and  labeled  "SPHERE"  and  "THETA=90"  respectively.  In 
Figure  3,  we  show  the  patterns  for  a  thin  rod  source  and  our  next  step  in  diameter  to  length  ratio, 
0O  =  22.5  degrees.  Theu  are  labeled  "THETA=0."  and  "THETA=22.5"  respectively.  For  the  zero 
diameter  source,  the  radiation  pattern  for  Rayleigh  waves  has  been  rotated  from  the  flat  disk  pattern  by 
90  degrees  with  the  maximum  lobes  at  right  angles  to  the  cylinder  axis.  There  is  also  a  small  lobe 
along  the  axis.  The  presence  of  this  small  lobe  is  very  dependent  on  the  Rayleigh  depth  eigenfunctions 
and  is  not  visible  in  the  10  second  pattern.  For  the  wider  cylinder  "THETA=22.5",  it  is  not  visible.  We 
note  also  that  as  the  cylinder  gets  wider,  the  lobes  on  the  Rayleigh  wave  pattern  get  larger  relative  to 
Love  waves.  In  fact  in  Figure  4,  we  see  that  by  the  time  90  =  45  degrees  the  Rayleigh  wave  pattern  is 
an  oval  with  very  small  Love  waves  which  have  disapeared  by  0O  =  50.3  and  the  Rayleigh  wave  pat¬ 
tern  is  a  circle.  In  Figure  5,  we  show  the  pattern  for  the  remaining  cylinder  shape,  0O  =  67.5.  Here  the 
pattern  is  again  larger  in  the  x  direction  or  the  axis  of  the  cyinder.  This  peanut  shape  is  interesting  in 
that  this  pattern  is  what  we  would  expect  if  we  included  the  explosion  with  its  associated  tectonic 
release  pattern  of  Figure  2.  Of  course  the  shape  would  depend  on  the  "F"  factor,  ie.  ratio  of  tectonic 
relese  moment  to  explosion  moment. 

CONCLUSIONS  AND  RECOMMENDATIONS 

If  this  approximation  is  valid,  we  have  shown  that  tunnel  explosions  can  generate  significant 
Love  waves  almost  eaual  in  size  to  the  explosion  generated  Rayleigh  waves.  Also  for  certain 
geometries,  these  explosions  can  mimic  the  oval  or  peanut  shapes  sometimes  associated  with  explo¬ 
sions  plus  tectonic  release.  We  recommend  that  this  simple  but  elegant  solution  be  verified  with  exist¬ 
ing  finite-difference  calculations. 
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1.  Objectives 

We  analyze  the  P  coda  recorded  by  seismic  arrays  to  investigate  the  origin  of  high  amplitude  apparent 
secondary  arrivals.  Broad-band  3-Component  (3-C)  array  data  collected  in  1991  at  the  Pinon  Fat 
Observatory  (PFO)  in  southern  California  yield  compelling  evidence  that  some  of  these  arrivals  are  due  to 
strong  crustal  scatterers  associated  with  both  topographic  and  buried  heterogeneities  located  near  this  array. 
We  find  such  scattered  phases  in  the  P-coda  of  both  local  and  teleseismic  seismograms.  In  some  instances, 
these  secondary  arrivals  may  be  incorrectly  interpreted  as  direct  arrivals,  including  so-called  “depth  phases”, 
particularly  when  they  are  detected  by  single  stations.  We  show  that  by  imaging  the  apparent  source  of 
these  arrivals  using  array  data  it  is  possible  to  remove  this  ambiguity  if  an  unambiguous  scatterer  is 
identified.  Conversely,  by  treating  the  location  of  the  free-surface  reflection  as  an  apparent  near-source 
scatterer  we  can  also  use  the  imaging  technique  to  help  constrain  the  source  depth. 

2.  Research  Accomplished 

In  this  paper  we  extend  earlier  analyses  of  prominent  near-receiver  crustal  scatterers  (ex.  Hedlin,  1991; 
Hedlin  etal.  1991,  1994)  in  several  ways.  Instead  of  restricting  our  analysis  to  surface  scatterers  excited  by 
teleseismic  wavetrains  we  have  adapted  the  technique  to  accommodate  scatterers  located  anywhere  in  a 
layered  Earth  excited  by  regional  events.  We  have  introduced  a  polarization  analysis  into  the  technique  that 
allows  the  analysis  of  3-C  array  data. 

We  have  applied  the  enhanced  technique  to  broad-band  small -aperture  array  data  collected  at  the  Pinon  Flat 
Observatory  (PFO)  in  1991  with  the  intent  of  scanning  the  local  crustal  volume  for  prominent  scatterers. 
We  have  found  that  strong  evidence  linking  prominent  buried  scatterers  with  local  tectonic  features  and 
surface  scatterers  with  local  topography. 

2. a  Brief  review  of  the  imaging  technique 

The  technique  has  been  summarized  in  a  number  of  other  papers  (ex.  Hedlin,  1991;  Hedlin  el  al.  1991, 
1994)  and  so  only  a  brief  review  will  be  given  here.  In  essence,  the  technique  is  adapted  from  diffraction 
summation  migration  (Hedlin  et  al .,  1991).  We  consider  each  scatterer  as  a  secondary  source  which  is 
excited  by  incident  regional  or  teleseismic  wavetrains  with  a  delay  estimated  from  elementary  ray  theory. 
Given  an  array  recording  of  the  scattered  waves,  enough  information  exists  to  locate  and  image  the 
secondary  source  using  a  modified  beamforming  technique.  The  algorithm  combines  raytracine, 
polarization  analysis  and  beamforming  to  produce  3-dimensional  images  of  local  scatterers  after  suppressing 
the  direct  waves  from  the  primary  source  and  back-projecting  the  residual  wavefield,  through  a  one¬ 
dimensional  crust,  to  the  secondary  point(s)  of  origin.  The  polarization  analysis  is  applied  to  each  station 
separately  prior  to  the  beamforming. 

2.b  Spatial  resolution 

A  parameter  central  to  the  understanding  of  spatial  resolution  is  the  time  delay  that  exists  between  arrivals 
of  the  incident  (parent)  and  the  secondary  (scattered)  phases  at  the  array.  To  illustrate  this  point  we  consider 
an  array  and  a  single  scatterer  both  located  at  the  surface  of  a  homogeneous  Earth  receiving  waves  from  a 
teleseism  located  directly  beneath.  It  is  easy  to  see  that  a  circle  passing  through  the  scatterer,  centered  at  the 
array,  describes  all  possible  surface  locations  which  have  the  same  time  delay  as  the  scatterer.  It  can  be 
shown  that,  in  general,  locations  which  have  a  common  delay  time  x  lie  on  a  surface  described  by: 
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IRaSl  =  T/[lpsl  -  ipil  cos(0)) 

where  0  is  the  angle  between  the  vectors  pointing  from  the  array  to  the  primary  source  and  to  the  scatterer. 
When  the  scattered  slowness,  ps,  is  greater  than  the  incident  slowness,  pj.  (e  g.  P  to  Rg  or  P  to  S 
scattering)  this  describes  an  ellipsoid  of  revolution  with  one  focus  at  the  center  of  the  array,  major  axis 
pointing  to  the  primary  source  and  eccentricity  equal  to  Ipjl  /  lpsl.  The  circle  described  above  is  simply  the 
trace  of  a  vertically  oriented  ellipsoid  on  the  horizontal  plane.  When  the  primary  source  is  not  directly 
beneath,  the  ellipsoid  tilts  from  the  vertical  and  the  time-delay  curve  on  the  free-surface  becomes  elliptical. 
When  the  incident  and  scattered  wave  velocities  are  equal  (e  g.  P  to  P  scattering)  the  eccentricity  equals  ! 
and  the  surface  is  a  paraboloid  of  revolution. 

This  observation  is  important  because  the  manner  in  which  time  delay  surface  appears  in  the  plane,  or 
volume,  being  imaged  determines  the  resolution  of  point  scatterers  and  allows  us  to  predict  how  scatterers 
that  might  be  symmetrical  might  become  distorted  in  the  image.  If  two  scatterers  lie  on  the  same  time- 
delay  surface  it  will  be  relatively  difficult  to  resolve  them  since,  by  definition  of  the  curve,  their  seismic 
offspring  will  arrive  at  the  array  at  the  same  time.  Resolution  along  constant  time-delay  surfaces  will  be 
relatively  poor  and  will  be  determined  by  the  rate  at  which  the  slowness  of  scattered  waves  changes  along 
the  constant  time-delay  curves.  If  the  slowness  of  scattered  waves  recorded  at  the  array  happens  to  be 
invariant  for  all  scatterers  on  the  same  time  delay  surface,  we  would  have  no  ability  to  resolve  any  of  the 
individual  scatterers.  If,  as  is  often  the  case,  the  slowness  is  slowly  varying  along  a  time-delay  curve  the 
resolution  will  likely  be  poor,  and  directly  proportional  to  the  aperture  of  the  array.  Resolution  along  paths 
orthogonal  to  the  time-delay  surfaces  is  determined  by  the  temporal  resolution  of  the  scattered  wave  sources. 
As  we  (Hedlin,  Minster  &  Orcutt,  1994)  found  in  our  analysis  of  teleseismic  signals  because  of  the 
protracted  nature  of  the  incident  wavetrains  it  was  necessary  to  perform  deconvolution  of  the  seismic 
recordings  prior  to  imaging  to  compact  the  signal  in  time  and  obtain  acceptable  time-resolution.  As  we 
will  see,  in  our  analysis  of  small,  local  and  regional  events,  the  short  source  times  involved  make  this 
additional  processing  unnecessary. 

To  test  the  resolution  of  scatterers  in  a  layered  Earth  we  have  calculated  and  analyzed  Wavenumber 
Integration  synthetics.  In  the  simulation  shown  in  Figure  I  a  synthetic  source  (an  omnidirectional, 
impulsive  explosion  identified  by  a  star)  excites  scattering  at  the  layer  interfaces  (horizontal  lines).  Since 
the  combined  primary  and  scattered  energy  is  recorded  by  a  small-aperture  array  (located  at  the  free-surface) 
the  recorded  layer  conversions  occur  within  small  areas  (identified  by  the  triangles).  As  a  result,  this 
simulation  allows  us  to  gauge  resolution  of  point  scatterers  located  in  a  layered  crust  and  excited  by  a 
regional  event.  We  can  also  use  the  technique  to  compare  3-C  with  single  (vertical)  component  arrays  and 
compare  different  3-C  array  geometries.  In  the  top  half  of  Figure  I  we  display  the  time  delay  we  expect 
should  exist  between  the  direct  P  energy  and  P-SV  scattered  arrivals.  The  conversions  occur  where  the  time 
delay  curves  become  tangent  to  the  interfaces  -  this  equals  the  point  at  which  the  time  delay  is  a  minimum 
(i.e.  Fermat’s  principle  is  obeyed).  As  discussed  above,  in  a  homogenous  model,  the  constant  time-delay 
surfaces  for  P-SV  scattering  are  ellipsoids  of  revolution  which  have  one  focus  at  the  center  of  the  array.  In 
this  example,  abrupt  discontinuities  in  the  time  delay-surfaces  occur  at  impedance  contrasts.  The  time-delay 
surface  in  a  low  velocity  layer  connects  to  another  surface  of  lower  eccentricity  in  a  neighboring  high- 
velocity  layer. 

The  lower  half  of  Figure  I  contains  the  image  calculated  from  this  simulation.  The  unsuppressed  direct 
energy  is  located  at  the  array  and  clearly  is  insignificant  relative  to  the  P-SV  conversions.  Both  are  imaged 
with  high  time-resolution  but  rather  limited  slowness-resolution.  The  energy  that  appears  in  the  figure 
between  the  ellipses  associated  with  the  P-SV  conversions  arrives  roughly  5  s  after  the  direct  energy  and  is 
due  to  the  P-P  bounce  at  the  lower  interface. 

These  images  were  calculated  by  taking  advantage  of  the  full  SAA2  array.  To  demonstrate  the  resolution 
possible  with  a  single  3-C  station  we  have  included  Figure  2  (top).  Steering  the  station  for  vertically 
polarized  energy  we  see  that  the  time-resolution  is  unchanged  however  the  slowness-resolution  is  poor 
(since  with  a  single  station  all  we  have  to  constrain  the  direction  of  propagation  is  polarization  analysis). 
Surprisingly,  a  single  3-C  station  still  outperforms  a  full  single  component  (vertical)  array.  In  Figure  2 
(bottom)  we  display  the  SV  image  calculated  by  recording  the  synthetics  with  a  virtual  NORESS  array. 
The  P-SV  conversions  have  little  influence  on  the  vertical  components  (the  particle  motion  is  largely 
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horizontal)  and  are  barely  resolved.  This  image  contains  uncorrected  direct  energy  (at  the  origin)  and  energy 
due  to  the  P-P  bounce  at  the  lower  interface  (appearing  at  30  km). 

2,c  Analysis  of  small-aperture  data  recorded  in  southern  California 

We  have  applied  our  imaging  technique  to  regional  and  teleseismic  events  recorded  by  the  28  station  broad¬ 
band  (.0083  to  40  Hz)  3-C  small-aperture  SAA2  array  deployed  at  the  Pinon  Flat  Observatory  (PFO). 
During  the  winter  months  of  1991  the  array  collected  triggered  (100  sa/s)  recordings  of  130  local  and  140 
regional  and  teleseismic  events  as  well  as  continuous  (20  sa/s)  recordings  of  these,  and  other  smaller, 
events. 

One  event  (which  occurred  on  day  057)  occurred  85  km  from  the  array  at  a  back-azimuth  of  35°.  The  coda 
contains  a  significant  phase  delayed  2  25  s  after  the  P  wave  onset  (Figure  3).  A  f-k  analysis  indicates  that 
the  onset  phase  arrives  from  the  azimuth  of  the  event,  at  a  phase  velocity  of  6.2  km/s  while  the  later  phase 
arrives  from  a  back  azimuth  of  14°  at  12  km/s.  In  Figure  4  we  consider  a  profile  through  the  crust  and 
upper  mantle  that  passes  through  the  array  and  bears  14°.  In  the  upper  Figure  we  display  the  time  delays  we 
predict  should  exist  between  the  arrivals  of  the  energy  directly  from  the  event  and  via  single  P-P  scattering 
interactions  that  occur  in  this  vertical  plane.  Given  that  our  assumptions  (regarding  the  velocity  model  and 
the  scattering)  are  reasonable  the  source  of  the  late  energy  should  lie  somewhere  on  the  2.25  s  curve  (not 
shown).  The  lower  half  of  Figure  4  contains  an  image  calculated  from  this  event  using  the  19  available  3- 
C  stations.  The  energy  adheres  to  the  2.25  s  curve  and  despite  the  imperfect  slowness-resolution  it  is  clear 
that  an  isolated  source  exists  at  roughly  30  km  depth  and  roughly  20  km  to  the  NNE  of  the  array.  The 
proximity  of  this  location  to  the  San  Andreas  fault  is  intriguing.  The  depth  is  puzzling,  however,  since  at 
30  km  it  is  well  below  the  seismogenic  zone.  We  are  not  yet  close  to  understanding  what  this  scatterer 
might  be  due  to  and  what,  if  any,  relationship  it  bears  to  the  San  Andreas  fault. 


2  d  Depth  determination 

One  reason  that  we  have  adapted  the  beam-stack  imaging  technique  to  accommodate  regional  events  and 
layered  Earth  models  is  that  it  seems  well  suited  to  the  problem  of  depth  determination  of  regional  events. 
By  forcing  the  algorithm  to  consider  ray  paths  from  the  primary  event  that  bounce  off  the  free  surface  we 
can  iteratively  solve  for  the  source  depth  by  selecting  the  source  depth  that  places  the  free-surface  bounce  at 
the  free  surface.  We  have  just  recently  considered  this  modification  and  will  discuss  preliminary  results. 

3.  Conclusions  and  Recommendations 

An  analysis  of  synthetics  has  shown  that  3-C  arrays  provide  much  higher  resolution  of  buried  scatterers 
than  a  single  component  array  or  a  single  3-C  station. 

Some  events  recorded  in  southern  California  by  a  broad-band  array  appear  to  have  excited  deeply  buried 
scatterers.  The  event  discussed  in  this  paper  is  one  of  a  cluster  that  were  recorded  by  the  SAA2  array.  The 
other  events  in  the  cluster  recorded  in  the  triggered  mode  also,  not  surprisingly,  contained  the  same  phase  in 
the  coda.  Other  large  events  in  the  vicinity  appear  to  have  not  excited  a  scatterer  at  this  location  indicating 
that  if  a  scatterer  is  located  here  it  is  highly  directional.  We  will  be  using  the  continuous  data,  which 
provides  tighter  spatial  coverage,  to  test  the  existence  of  this  scatterer  and  explore,  more  fully,  its 
directionality. 
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Figure  1  In  this  figure  we  consider  synthetics  calculated  in  a  2  layer  crust  overlying  a  high  velocity  half¬ 
space.  In  this  simulation  an  explosion  (star)  and  P-SV  conversions  at  the  interfaces  (triangles  on  the 
horizontal  lines)  are  recorded  by  a  3-C  array  at  the  free-surface.  The  top  Figure  shows  the  time  delays  we 
expect  SV  energy,  due  to  single  scattering  interactions,  should  have  relative  to  the  direct  P  energy.  The 
lower  figure  shows  the  image  calculated  when  steering  the  array  for  scattered  SV  energy.  In  this,  and  all 
subsequent  images,  contour  values  indicate  amplitudes  in  dB  relative  to  the  largest  value  in  the  image. 
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Figure  2  The  top  figure  shows  the  image  obtained  from  a  single  3-C  station.  The  lower  figure  shows  the 
image  calculated  by  deploying  the  single  component  NORESS  array  at  the  free-surface  rather  than  a  3-C 
array. 
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Figure  4  An  image  calculated  using  the  data  introduced  in  Figure  3.  The  top  figure  shows  the  time  delay 
we  expect  should  exist  between  direct  P  energy  from  the  earthquake  and  single  P-P  scattered  energy  In  the 
image  displayed  in  the  lower  figure  energy  is  concentrated  at  a  location  roughly  30  km  deep  and  20  km 
north  of  the  array. 
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Part  1  Regional  Ms:mb 

In  this  project  we  investigated  the  capability  of  the  GSE  Alpha  array  at  Lajitas  (TEXESS)  to 
measure  Ms  (20  sec)  for  regional  events.  We  used  the  prototype  posthole  KS  36000 
broadband  sensor  and  the  straight  sum  of  the  nine  vertical  GS-13  elements  of  the  array  to 
measure  spectral  amplitude  of  the  Rayleigh  waves  at  a  period  of  20  sec.  Magnitudes 
calculated  from  the  two  data  sets  were  nearly  identical.  A  suite  of  25  aftershocks  from  the 
Northridge,  CA  earthquake  of  17  January  1994,  with  an  epicentral  distance  of 
approximately  1500  km  from  Lajitas,  were  chosen  as  a  data  set  for  the  initial  investigation. 
A  mb  5.0  aftershock  on  19  January  1994  was  chosen  as  a  reference  event.  The  data  from 
both  the  broadband  sensor  and  the  summed  array  were  low-pass  filtered  using  a  6  pole, 
zero  phase  Butterworth  filter  with  a  comer  at  10  seconds,  removing  the  very  energetic 
regional  phases.  A  multiple  filter  analysis  (MFA)  was  then  performed  on  the  filtered  data. 

A  multiple  filter  plot  and  the  initial  fundamental  mode  Rayleigh  dispersion  curve  resulting 
from  this  analysis  are  shown  in  Figure  1 .  Figure  2  shows  the  application  of  a  carefully 
determined  filter  that  is  phase-matched  to  the  reference  event.  This  master  phase-matched 
filter  was  then  adjusted  for  small  differences  in  epicentral  distances  and  applied  to  24 
Northridge  aftershocks  The  events  were  selected  based  on  local  magnitudes  that  ranged 
from  ML  3.0  to  5.0.  Spectral  Ms  for  each  event  was  measured  at  a  period  of  20  sec.  The 
results  are  tabulated  in  Table  1,  with  the  following  conclusions: 

1 . )  sp  array  and  bb  surface  wave  magnitudes  are  essentially  the  same 

2. )  USGS  mb  is  on  the  average  about  0.3  units  less  than  ML. 

3. )  Ms  could  be  reliably  determined  for  events  with  mb  about  3.5  and  greater. 

4. )  Lajitas  mb  was  determined  using  an  array  beam  with  an  azimuth  of  272°  and  a 

horizontal  phase  velocity  of  8.4  km/s. 

5. )  Pn  arrivals  for  Lajitas  with  mb  less  than  about  3.3  were  heavily  contaminated  by 

background  noise. 

Part  2  Autoregressive  Modeling  of  Lg 
The  autoregressive  spectral  model  is 

x(n)  =  -  ]T  a(k)x(n  -k)  +  u(n) 

k  =  1 

where  p  is  the  order  of  the  process,  a(k)  are  the  coefficients 
and  u(n)  is  the  white  noise  driving  process. 

In  this  study  an  order  3  was  used.  This  model  consists  of  one  complex  pole  and  one  real 
pole,  the  latter  being  located  at  zero  frequency  for  the  events  studied  here.  The  initial  data 
is  from  the  CSS  Ground  Truth  Data  Base  recorded  at  GERESS.  The  data  consisted  of 
explosions  and  earthquakes  in  the  Vogtland  area  that  are  tabulated  in  Table  2.  Figure  3 
illustrates  the  third  order  autoregressive  spectrum  (AR(3))  for  a  quarry  blast.  The 
frequency  and  reciprocal  pole  position  of  the  complex  pole  in  AR  (3)  models  were 
calculated  for  the  Lg  arrival  for  all  events.  A  value  of  1.0  indicates  that  the  reciprocal  pole 
is  on  the  unit  circle,  0.0  indicated  a  position  at  the  origin.  Neither  a  value  of  0.0  or  1.0  can 
occur  in  practice. 
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Multiple-filter  plot  of  the  reference  event  sig94019_20_00,  mb=5.0  ML=5.3,  showing  the 
fundamental  Rayleigh-wave  group  velocity  dispersion  curve.  This  event  was  used  to 
develop  the  phase-matched  filter  for  the  Northridge,  California  to  Lajitas,  Texas  travel  path. 

Wave-form  to  the  far  right  is  the  input  waveform  plotted  on  a  linear  time  scale. 

The  inside  waveform  is  the  input  signal  plotted  on  a  non-linear  time  scale 
corresponding  to  group  velocity  amval  on  the  multple-filter  plot. 
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Figure  2 
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Reference  Event  sig9401 9_20_00  mb=5.0  ML=5.3 


400  450  500  550  600  650  700  750  800  850 

Seconds  From  Event  Origin  Time 

Results  of  phase-matched  filtering  of  the  reference  event: 

Top  trace  is  the  input  waveform  of  reference  event  sig94019_20_00. 


The  middle  trace  shows  the  estimated  fundamental  Ravleigh-wave  component  of 
the  complex  input  signal. 


The  bottom  trace  is  a  plot  of  the  residual  after  the  estimated  fundamental 
Rayleigh  (middle  trace)  is  removed  from  the  input  signal. 


Selected  Aftershocks  of  the  Northridge  (Los  Angeles,  California)  Earthquake  17  January,  1994 
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Earthquakes  and  explosions  from  Vogtland  area  used  in  this  study 
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Abs.  pole 


Figure  4  shows  the  reciprocal  pole  position  versus  frequency  for  the  analysed  events. 
Solid  circles  are  explosions  and  stars  are  earthquakes.  The  two  open  circles  represent 
surface  and  buried  explosions  in  southern  Russia,  recorded  at  Garm.  Figure  4  shows  a 
clear  separation  of  explosions  and  earthquakes  with  the  latter  having  broad  AR  (3)  spectra 
with  weak  poles  above  6  Hz  while  the  explosions  all  show  a  much  stronger  pole  at 
frequencies  less  than  5  Hz. 

Further  studies  will  concentrate  on  (1)  lowering  the  practical  threshold  for  determining  Ms 
of  regional  events  and  (2)  determining  the  transportability  of  the  AR  (3)  -  Lg  method  to 
other  areas. 


L  A 
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QUANTIFICATION  OF  SMALL  SOURCES 


R.  B.  Herrmann*  and  K.  D.  Hutchenson 
Department  of  Earth  and  Atmospheric  Sciences 
Saint  Louis  University 
Vbh@slustl.slu.edu 

TEL:  314/658-3131,  FAX:  314/658-3117 
AFOSR  Contract  No.  F49620-93- 1-0276 

OBJECTIVE 

This  paper  addresses  the  problem  of  source  estimation  using  regional  seismic 
network  data  by  focusing  on  modeling  Rg  waveform  data  from  local  mining  blasts. 
In  the  context  of  a  CTBT  such  a  study  may  be  viewed  negatively  because  of  restric¬ 
tions  on  the  use  of  the  Rg  wave,  e.g.,  one  must  have  observations  at  relatively  short 
distances,  typically  less  than  300  km.  A  counter  argument  is  that  there  may  be 
cases  in  which  both  Rg  is  observed  and  it  is  necessary  to  classify  an  event,  and 
hence  all  information  must  be  used  and  understood.  This  may  occur  when  a  seismic 
monitoring  system  is  physically  close  to  the  a  region  under  study. 

Another  reason  for  having  such  a  capability  is  that  the  Rg  wave  provides 
redundant  information  about  the  source  that  can  be  vised  together  with 
regional/teleseismic  P  and  regional  Lg  to  test  the  validity  of  the  local  magnitude 
scale  by  providing  an  independent  seismic  moment  estimate  and  perhaps  to  the 
extrapolation  of  the  successful  teleseismic  Ms-mb  discriminant  to  regional  dis¬ 
tances. 

RESEARCH  ACCOMPLISHED 

We  have  completed  several  studies  on  the  moment-yield  relation  for  chemical 
explosions  (Al-Eqabi,  1994;  Hutchenson,  1994).  Al-Eqabi  (1994)  examined  USGS 
refraction  data  for  shots  in  the  metamorphic  Paleozoic  rocks  in  Maine.  The  shots 
were  1  ton  in  size  and  were  single  explosions.  Averaging  10  shots,  the  mean  seismic 
moment  is  3  x  10 18  dyne-cm  for  IT. 

Hutchenson  (1994)  used  both  regional  seismic  network  data  from  the  Central 
Mississippi  Valley  Seismic  Network  operated  by  Saint  Louis  University  and  also 
from  temporary  deployments  of  DR-2000  recorders  for  several  chemical  explosions 
at  strip  mines  (November,  1991  and  August,  1992)  and  at  a  USGS  refraction  profile 
shot  point  (October,  1991). 

The  Rg  data  were  processed  using  tools  from  Computer  Programs  in  Seismol¬ 
ogy  to  determine  group  velocities,  to  use  match  filters  to  isolate  modes,  to  perform 
cross-correlation  analysis  to  estimate  phase  velocities,  and  to  invert  the  dispersion 
curves  for  a  shallow  velocity  model.  Although  the  shear-wave  velocity  model  was 
determined  using  existing  programs,  the  determination  of  the  Qp  structure  had  to 
be  done  by  trial  and  error  pending  the  development  of  a  robust  waveform  inverter 
under  this  contract.  The  Qp  structure  was  estimated  using  a  combination  of  forward 
synthetics,  spectral  ratios,  and  the  dispersion  inversion  program.  The  only  test  of 
the  consistency  of  the  Qp  structure  is  similarity  of  seismic  moment  estimates  from 
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the  different  vertical  component  trace  observations. 


As  an  example,  we  discuss  the  strip  mine  explosions  at  the  Delta  Mine  near 
Marion,  Illinois  in  November,  1991.  Two  events,  having  yields  of  50  and  64  tone 
were  monitored.  Figures  1  and  2  show  the  locations  of  the  stations  used  in  the  anal¬ 
ysis. 


Fig.  1.  Central  Mississippi  Valley  Seismic  Network  Stations  used  to  study  the  Delta  Mine  source 
near  Marion,  Illinois. 


Figures  3  and  4  show  the  observed  data  and  the  synthetic  seismogram  fits  for 
the  two  sets  of  instruments.  Each  synthetic  is  generated  using  a  velocity  -  Q  model 
inferred  for  that  station.  There  was  significant  variability  in  the  individual  seismic 
moment  estimates,  roughly  a  factor  of  40  from  the  lowest  to  the  highest.  The  esti¬ 
mates  from  the  regional  seismic  network  were  typically  higher  than  those  from  the 
near-in  digital  instruments.  Such  variation  may  be  due  to  source  radiation  pat¬ 
terns,  incorrect  path  velocity  -  Q  models,  absolute  instrument  calibration  and  per¬ 
haps  unresolved  very  shallow  structure  beneath  the  more  distance  stations. 


Figure  5  presents  the  moment  -  yield  results  from  Hutchenson  (1994).  A  clear 
separation  is  seen  between  the  regional  CMVSN  values  and  the  near-in  DR2000 
estimates.  For  reference  the  linear  moment-  log  yield  relation  proposed  by  Denny 
and  Johnson  (1991)  is  show  with  IT  -  l.Ox  1018  dyne-cm.  In  addition  the  same 
trend  shifted  vertically  upward  to  fit  the  mean  of  the  Al-Eqabi  (1991)  observations 
is  also  shown. 


CONCLUSIONS  AND  RECOMMENDATIONS 

These  seismic-moment  estimates  for  commercial  strip  mining  (delayed  shot) 
surface  explosions  are  systematically  higher  than  Denny  and  Johnson  (1991) 
estimates  for  tamped,  buried  explosions.  This  may  be  due  to  the  complex  seis¬ 
mic  wavefield  associated  with  surface  movement  of  rock. 
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Fig.  3.  Waveform  overlay  showing  the  match  between  the  recorded  waveform  (bold)  and  the  calcu¬ 
lated  synthetic  (shaded)  in  the  0.5  to  5.0  Hz  bandwidth  for  each  of  the  paths  from  Marion,  IL,  for  the 
08  September  1992  strip-mine  blast. 


Single  station  techniques  can  be  used  to  estimaf  smic-moments  and  also 
infer  yields.  Until  a  proper  waveform  inversion  p.  ore  is  developed,  which 
would  permit  a  sensitivity  analysis  of  model  and  source  parameters,  the  scat¬ 
ter  observed  is  greater  than  desired  in  a  CTBT  environment,  but  probably  on 
the  same  order  of  improper  regional  magnitude  scales  for  P  or  Lg. 
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Fig.  4.  Waveform  overlay  showing  the  match  between  the  recorded  waveform  (bold)  and  the  calcu¬ 
lated  synthetic  (shaded)  in  the  0.5  to  5.0  Hz  bandwidth  for  each  of  the  paths  from  Marion,  IL,  for  the 
8  September  1992  strip-mine  blast.  The  fit  for  the  fundamental  mode  Rg  is  good,  with  the  majority 
of  the  higher  modes  matching  reasonable  well. 


□  CMVSN  stations 
Q  DR-2000  stations 
—Denny  A  Johnson  (1991) 
—  E  I  -  A  q  a  b  I  (1994) 


Yield  (tons) 


Fig.  5.  M,  vs  yield  for  events  used  in  this  study,  shown  recorded  as  averages  for  each  of  the  two  net¬ 
works.  The  solid  line  is  the  relationship  determined  by  Denny  and  Johnson  (1991),  the  dashed  line 
that  determined  by  El-Aqabi  (1994). 
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To  the  extent  that  an  Ms  -  rnb  discriminant  may  work  for  small  events,  it  is 
necessary  that  controlled  field  experiments  be  performed  at  regional  distances 
to  understand  seismic-moment  yield  relations  and  the  value  of  longer  period 
discriminants.  Specifically  deployment  of  broadband  sensors  along  different 
profiles  and  in  tight  arrays  to  improve  low  frequency  S/N  is  required. 
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Objective 

Understanding  seismic  wave  propagation  in  the  heterogeneous  lithosphere  in  the  context 
of  nuclear  test  ban  monitoring. 


Research  accomplished 


We  demonstrate  event  magnitude  can  be  reliably  estimated  in  near  real  time  condi¬ 
tioned  on  the  design  of  the  signal  detector  being  of  STA/LTA  type  where  STA  is  a 
short  term  signal  power  or  rms  estimate.  Using  real  data  we  demonstrate  the  Ran¬ 
dom  Vibration  Theory  relation  that  Amax  ~  (21niV)1/2Arms  is  valid  for  non- stationary 
seismic  signals.  Using  Rayleigh’s  theorem  we  also  established  a  relation  between  ATms 
and  the  flat  portion  of  the  source  spectra.  These  Amax  and  Arms  estimation  proce¬ 
dures  were  used  for  determining  conventional  magnitudes  and  moment  magnitudes  for 
29  events  recorded  locally  by  the  Norwegian  Seismograph  Network  (NSN).  The  proce¬ 
dure  outlined  by  Sereno  et  al.  (1988)  was  used  and  also  their  geometrical  spreading 
and  attenuation  parameters  derived  from  analysis  of  NORSAR  recordings.  Our  mag¬ 
nitude  and  moment  magnitude  estimates  for  5  different  frequency  bands  are  in  good 
agreement  with  the  NORSAR  Mi  estimates  derived  from  the  conventional  magnitude 
formulas  in  combination  with  empirical  correction  tables.  We  also  constructed  conven¬ 
tional  magnitude  correction  tables  from  the  Sereno  et  al.' s  spreading  and  attenuation 
parameters  for  a  variety  of  signal  frequency  bands.  Near  real  time  Amax  and/or  Arms 
or  correspondingly  event  magnitudes  would  be  of  significance  in  automatic  phase  as¬ 
sociation  analysis,  bulletin  production  for  local  and  regional  seismic  networks  and  the 
earthquakes  monitoring  performances  of  such  networks. 


Introduction 

The  concept  of  earthquake  magnitude  was  firstly  introduced  by  C.F.  Richter  in  1935. 
He  proposed  a  logarithmic  amplitude  scale  tied  to  the  first  arriving  P  wave  as  a  measure 
for  the  relative  size  of  local  southern  California  earthquakes.  Despite  the  diversity  of 
record  measurements,  tied  to  the  maximum  amplitudes  of  P,  5  and  surface  waves,  all 
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magnitude  scales  are  of  similar  forms; 

M  =  log  +  q(rj)  +  c 


(1) 


where  M  is  the  magnitude,  A  the  maximum  phase  amplitude,  T  is  the  period  (sec), 
q  accounts  for  geometrical  spreading  and  attenuation  as  a  function  of  distance  r  (km) 
and  signal  frequency  (/)  while  c  is  a  station  correction  term.  The  problem  considered 
is  that  of  automating  event  magnitude  and  moment  estimation. 


On  line  A/T  estimation 

Obviously  for  near  real  time  magnitude/moment  estimation,  the  A/T  term  must  be  an 
integral  part  of  the  signal  detector  design.  The  most  popular  ones  in  use  are  the  so- 
called  sliding  window  STA/LTA  type  which  is  a  comparison  of  short  and  long  term  trace 
amplitude  (a^)  averages  (e.g.,  Ruud  and  Husebye,  1992).  Common  STA  definitions  are 
of  the  forms; 


ST  A(abs) 


STA(rms) 


(2) 

(3) 


Our  preference  is  for  the  rms  related  STA-LTA  definitions  also  because  signal  rms  is 
related  to  the  signal  power  spectrum  via  the  Parseval’s  theorem. 

The  task  is  to  estimate  peak  time  domain  amplitudes  for  the  first  arrival  of  P- waves 
or  the  dominant  Z3-phase  in  case  of  local  events  that  is  the  A/T- term  in  eq(l).  From 
the  Random  Vibration  Theory  (RVT)  results  of  Cartwright  and  Longuet- Higgins  ( 1956) 
we  have  the  relation; 


E(Amax)  =  Arm3f(N)  (4) 

where  E  is  expectation,  N  is  the  number  of  extremes  (peaks  and  troughs)  and  Arm ,  is 
the  rms  value  of  the  signal.  In  the  case  of  STA  trace  window,  Arms  =  STA(rms).  We 
have  for  f(N), 


f{N)  =  (2lnN)2  (5) 

The  validity  of  the  simple  Unear  relationship  in  eq(5)  was  confirmed  by  extensive  analy¬ 
sis  of  real  data;  an  example  is  given  in  Fig.  1.  Whether  we  prefer  to  measure  magnitude 
(Ml)  or  moment  (Mo),  the  Amax  term  is  estimated  from  bandpass  filtered  traces,  and 
thus  must  be  corrected  for  the  instrument  response. 
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Magnitude  and  moment  measurements 


The  A/T-term  derived  via  the  signal  detector  parameter  ST A(rms)  sufficies  for  event 
magnitude  estimation  given  that  a  tabulation  of  the  distance  dependent  9-term  in 
eq(l)  are  available.  If  this  is  not  the  case,  we  may  introduce  specific  estimates  of  the 
geometrical  spreading  and  attenuation  ( Q )  effects.  Following  Sereno  et  al.  (1988),  we 
write  for  the  amplitude  spectrum  of  displacement  at  epicenter  distance  r; 


|4(/,r)|  =  S(/)G(r,r0)exp 


'  —  7T  ft' 

.QUj. 


(6) 


where  /  is  frequency,  S(f)  source  spectra,  G(r,  ro)  geometrical  spreading  function  with 
a  reference  distance  (ro),  and  Q(f)  the  attenuation  function. 

At  local  distances  the  dominant  signal  in  the  records  is  the  T9-phase  whose  source 
spectrum  in  case  of  an  earthquake  is  expressed  as  (Sereno  et  al.,  1989); 


S(f) 


SoH(f,fc) 


(7) 

(8) 


where  So  is  the  low  frequency  spectral  source  level,  fc  is  the  corner  frequency  of  the 
source  spectrum,  B  is  the  amount  of  overshoot  (Xie,  1993).  We  have  the  following 
relations  for  fc  and  50  regarding  Mo; 

M0 


fc  =  cSol/3; 


So  = 


4xp(33 


(9) 


where  0  is  the  crustal  shear  wave  velocity,  p  the  crustal  density  and  c  a  scaling  con¬ 
stant.  For  moment/magnitude  estimation,  we  must  establish  a  relationship  between 
the  amplitude  spectrum  of  the  displacement  (|A(/,  r)|)  and  the  near  ‘real-time’  record 


parameters,  Arm,  or  Amax,  namely, 

\A(fo„r)\  = 

/at 

V  2A/,  rm” 

i=  1 , . . . ,  5 

(10) 

\A(f0t,r)\ 

1  A 

2A  fiax  ’ 

i  =  1 . 5 

(11) 

where  /0{  represents  the  center  frequencies  of  the  5  bandpass  filters  used  in  data  analysis, 
|A(/oi,  r)|  is  the  amplitude  spectrum  at  frequency  /o,  and  distance  r,  AT  is  the  window 
length  in  sec  and  A/,  is  the  bandwidth  of  the  ith  filter. 

Under  certain  assumption,  the  H(f,fc )  is  negligible  and  combining  eq(7,9-ll)  gives; 


log  Afo(moi) 
log  AJo(rms) 


Z  log  Amax  -  log  2 A /,  +  log  4irp03  -  log  G(r,  r0)  + 


xft 

qU] 


log e  (12) 


=  log  Arms  +  ^  log  +  log  Anpfi 3  -  log  G(r,  r0)  +  -~j-)  loS 4 13^ 
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Note  that  P ,  S  and  Z3-phases  from  explosions  and  earthquakes  have  different  source 
representations.  Further  methodological  details  in  Mendi  and  Husebye  (1994). 

Data  analysis  and  results 

In  this  section  we  demonstrate  that  the  approach  detailed  in  the  previous  section  ap¬ 
pears  to  be  valid  for  calculating  magnitudes  and  moments  for  the  29  local  earthquakes 
and  explosions  listed  in  Table  1  and  recorded  by  stations  in  the  Norwegian  Seismo¬ 
graph  Network  (NSN).  Firstly,  the  event  moments  were  estimated  and  then  converted 
to  event  magnitudes  (Table  2)  using  the  formulas  and  the  parameter  values  given  in 
Table  3.  These  moment  magnitudes  are  denoted  M L(Ser)max  and  M L(Ser)rms.  We 
computed  ML(Ser)  for  5  frequency  bands  as  indicated  in  Table  2  and  also  conven¬ 
tional  event  magnitudes  using  various  types  of  correction  curves  taken  from  NORSAR, 
Alsaker  et  al.  (1991),  and  the  Helsinki  Observatory  (Table  3).  The  obtained  averaged 
event  magnitudes  are  similar  at  the  lower  frequencies,  irrespective  of  epicenter  distance 
except  the  MLh  which  are  consistently  high  by  ca.  0.6  magnitude  units.  Frequency 
dependence  of  the  magnitude  estimates  is  obvious  from  the  Table  2  results,  but  there 
is  hardly  any  difference  between  the  M L(Ser)rma  and  M L(Ser)max  estimates.  The  at¬ 
tenuation  parameter  may  be  important  in  this  respect  so  we  recalculated  the  ML(Ser) 
magnitudes  for  7  =  0.20  and  7  =  0.14  equivalent  to  increased  signal  attenuation.  Its 
effect  is  to  increase  the  f4  and  /5  magnitudes  by  only  0.1  magnitude  and  thus  negligible 
at  distances  less  than  say  300  km. 

Discussion 

In  this  study,  we  have  explored  the  possibility  of  estimating  event  magnitude  in  near 
real  time.  At  this  stage  of  development  we  have  concentrated  on  demonstrating  that 
Amax  and/or  ATma  and  hence  event  magnitudes  and  moments  can  be  obtained  from 
signal  detector  outputs  of  the  STA/LTA  types. 

Our  preference  is  for  the  moment  magnitude  estimation  approach  «imply  because  of 
its  anchoring  on  physical  source  representation  and  well  established  wave  propagation 
parameters.  The  relative  consistency  of  ML(Ser)  magnitudes  (Table  2)  implies  that 
it  should  be  possible  to  construct  correction  tables,  the  q{r,f)- term  in  eq(l),  from  the 
spreading  and  attenuation  parameters  in  eq(13).  Such  correction  curves  are  shown  in 
Fig.  2  for  the  center  frequencies  and  bandwidths  of  the  bandpass  filters  used  and  the 
Alsaker  et  al.  (1991)  and  NORSAR  correction  curves  are  included  for  comparison.  In 
Table  2  the  ML  a  magnitudes  are  very  similar  to  the  ML(Ser)  ones  as  expected  from 
Fig.  2  since  the  epicenter  distances  seldom  exceed  250  km.  Likewise,  the  NORSAR 
reported  Ml  magnitudes  are  in  average  0.3  units  below  the  ML{Ser)  ones.  This  is  also 
easily  explained  from  Fig.  2  since  the  NORSAR  epicenter  distances  are  mostly  in  the 
300  -600  km  range  where  the  associated  correction  curve  is  lower  by  ca.  0.3  units. 
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Conclusions  and  recommendations 


Near  real  time  event  magnitude  estimates  are  feasible  and  would  be  invaluable  for 
estimating  network  monitoring  capabilities  also  in  near  real  time.  Such  estimates  are 
tied  to  noise  level  estimates  from  the  individual  network  stations  in  combination  with 
a  grid  search  procedure  (e.g.  Sereno  et  al.,  1989;  Ringdal  and  Kvaerna,  1992).  Another 
application  now  under  consideration  is  to  use  near  real  time  magnitude  estimates  as  a 
part  of  automated  epicenter  location  schemes  (Ruud  et  al.,  1993). 
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Fig.  1.  Amax  -  Arms  analysis  for  station  KMY  unfiltered  recordings  of  Event  4  in 
Table  2  at  an  epicentral  distance  of  795  km.  a)  original  vertical  trace  record,  b)  and 
c)  i4max  versus  Arms  for  P-  and  Lg -phases  respectively.  The  window  length  used  in  the 
evaluation  of  ATma  is  2.5  sec.  d)  and  e)  number  of  extremes  N  for  P-  and  Lg- phases, 
f)  Observed  and  estimated  i4mox  using  eq(5).  The  two  curves  match  each  other  almost 
perfectlj 


[«1 


Fig.  2.  Generating  distance  -  correction  curves  from  the  Sereno  et  al.,  1988  spreading 
and  attenuation  parameters  as  listed  in  Table  3.  For  comparison  the  corresponding 
Alsaker  et  al.,  1991  and  NORSAR  (T  =  0.45  sec)  curve  are  shown.  The  correction 
curves  derived  from  Sereno  et  al.,  1988  are  plotted  for  the  filters  fl,  f3  and  /5.  In  Table 
2  the  ML(Ser)  and  MLA  magnitude  estimates  are  very  similar  which  is  also  expected 
from  Fig.  2  since  epicenter  distances  generally  are  less  than  250  km.  The  NORSAR 
reported  magnitudes  ( ML  column  in  Table  2)  are  in  average  0.3  units  lower  as  expected 
since  the  corresponding  epicenter  distances  are  in  the  300  -  600  km  range.  Note  that 
the  different  correction  cur  es  are  similar  out  to  ca.  350  km  that  is  the  distance  range 
where  the  majority  of  local  events  are  recorded. 


Magnitude  Formulations 

log  Mo  =  1-03  ML(Ser)  -  17.1  (EQ) 

log  M0  =  1.04  ML(Ser)  -  17.7  (EXP) 

Qo  =  560;  7  =  0.26 
r0  -  100  km\  p  =  1;  v  =  1/2 
p  =  2.7  gr/cm3;  0  =  3.5km/s 

Sereno 
et.  al. 
(1989) 

MLn  =  log(100  A)  +  F(A,T) 

NORSAR 

M La  =  log  A  +  0.91  log  A  +  0.00087  A  -  1.31 

Alsaker 
et.  ai. 
(1991) 

MLh  =  log  A  +-  1.27  log  A  -  1.44 

Helsinki 

Seismological 

Observa.tory 

Table  3.  Listing  of  correction  formulas  as  used  for  the  estimated  magnitudes  tabulated 
in  Table  2.  Mo  =  moment,  A  =  peak  amplitude  in  rm  and  A  =  epicentral  distance  in 
km.  F{A,T)  correction  function  is  shown  in  Fig.  2  for  T  ~  0.45  sec. 
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Date 

Time 

Location 

(d/m/y) 

(h.  min:  sec) 

(LatN) 

(LonE) 

26/08/93 

10.34:32.0 

59.05 

5.77 

26/08/93 

19.22:04.9 

61.11 

4.07 

10/09/93 

13.11:23.8 

58.34 

6.36 

13/09/93 

05.25:14.4 

66.34 

5.67 

15/09/93 

09.58:38.1 

60.60 

4.79 

15/09/93 

15.31:29.7 

67.11 

20.84 

21/09/93 

13.15:21.1 

58.33 

6.31 

28/09/93 

16.44:53.9 

58.49 

10.62 

28/09/93 

16.57:42.1 

60.46 

5.15 

29/09/93 

14.12:21.5 

58.15 

6.31 

02/10/93 

08.30:55.3 

60.39 

5.02 

03/10/93 

23.48:35.5 

60.06 

7.29 

04/10/93 

20.21:48.3 

61.94 

1.44 

07/11/93 

23.40:44.0 

67.84 

20.08 

07/11/93 

23.43:17.2 

66.28 

7.02 

08/11/93 

14.28:17.3 

59.91 

2.72 

12/11/93 

19.54:36.0 

59.69 

12.86 

15/11/93 

15.04:25.6 

62.17 

3.27 

21/11/93 

01.53:56.3 

60.18 

4.96 

27/11/93 

18.57:52.7 

60.47 

11.66 

13/12/93 

09.00:09.5 

56.75 

2.74 

27/12/93 

05.20:46.3 

61.29 

2.79 

03/01/94 

22.12:59.8 

61.76 

4.19 

07/01/94 

09.06: 22.6 

60.60 

2.43 

15/01/94 

00.00:26.2 

65.23 

7.58 

19/01/94 

09.16:54.8 

66.36 

14.60 

21/01/94 

01.26:14.1 

65.98 

11.89 

25/01/94 

03.07:58.3 

62.46 

5.07 

26/01/94 

17.27:47.1 

66.84 

13.58 

Table  1.  Listing  of  all  the  events  used  in  analysis.  The  focal  parameters  are  taken 
from  the  monthly  bulletins  for  the  Norwegian  Seismic  Network  (NSN)  as  published  by 
the  University  of  Bergen.  The  Mc  and  Ml  notations  reflect  NSN  coda  wave  magnitude 
and  NORSAR  reported  Ml  (Ls-waves)  magnitude,  respectively.  We  have  introduced 
a  few  modifications  in  parameter  listing;  all  presumed  explosions  (EXP)  are  given  zero 
focal  depth.  The  separation  of  events  into  EXP  and  EQ  (earthquake)  populations  are 
not  based  on  specific  classification  criteria.  Potential  errors  here  would  not  significantly 
change  our  analysis  results. 
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Table  2.  Magnitude  estimates  for  the  events  listed  in  Table  2.  fl,  f2,  J3,  f4  and  f5 
represent  different  frequency  bands  which  are  1-2  Hz,  1.5-3  Hz,  2-4  Hz,  3-6  Hz  and  4-8 
Hz,  respectively.  Column  Ml  is  Lg  event  magnitudes  as  reported  by  NORSAR  using 
NORESS  recordings  while  Mc  is  coda  magnitude  based  NSN  recordings  as  reported  in 
the  bulletin.  M  L(Ser)max  is  magnitude  estimates  tied  to  maximum  amplitude  observa¬ 
tions  (eq(12))  while  M L(Ser)rm,  are  corresponding  moment  magnitude  estimates  tied 
to  the  rms  values  (eq(ll)).  MLpi,  ML  a  and  MLh  are  magnitude  estimates  similar 
to  M  L(Ser)max  except  that  the  distance  correction  terms  used  are  those  of  NORSAR, 
Alsaker  et  al.,  1991  and  Helsinki  (Table  3).  Since  these  are  frequency  independent  only 
magnitude  in  the  f2  band  are  listed. 
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Project  Objective 

The  long-term  objective  of  this  project  is  to  improve  the  fundamental  understanding  of  seismic 
wave  excitation  and  propagation  by  exploiting  the  full  potential  of  linear  finite-difference  method  in 
modeling  various  seismological  problems  directly  related  to  the  treaty  monitoring  issues.  Current 
emphasis  is  placed  on  improving  the  capability  of  modeling  Pn  ,  Pg ,  Sn  ,  Lg  ,  and  Rg  in  complex  geolog¬ 
ical  /  geophysical  environments. 

Research  Accomplished 

1.  Quantitative  assessment  of  Rg  apparent  attenuation  due  to  rough  topography 

Two-dimensional  linear  elastic  (P-SV)  finite-difference  [LFD]  experiments  illustrate  that  reflection 
of  Rg  due  to  rough  topography  is  an  efficient  process,  and  that  the  bulk  of  the  energy  which  is  not 
transmitted  across  the  topography  is  either  converted  to  body  waves  or  reflected  back  (Figure  1).  The 
scattered  P  and  S  waves  are  radiated  as  coda  to  teleseismic  distances,  and  some  P-SV  energy  is 
trapped  in  the  crustal  waveguide  as  Pg,  Sg,  and  Lg  (Figures  2  and  3).  The  body  waves  appear  to  radi¬ 
ate  from  the  changes  in  slope  and  to  first  order  can  be  visualized  as  being  from  point  diffractors  along 
the  rugged  free-surface  (Figure  1;  see  also  McLaughlin  and  Jih,  1986).  For  most  models  tested,  the 
Rg  -to-S  conversion  is  more  efficient  than  that  of  Rg  -to -P.  The  spatial  Q  values  associated  with  rough 
topographic  profiles,  inferred  from  the  logarithm  of  the  transmitted  power  spectrum,  range  from  15  to  80, 
which  are  consistent  with  the  Qp  of  the  uppermost  crust  in  many  places  of  the  world  (Jih,  1993c).  Seven 
candidate  roughness  statistics  have  been  tested  with  twenty  seven  random  topographic  profiles.  The 
goal  of  this  exercise  was  to  determine  which  of  these  parameters  can  best  characterize  the  roughness, 
and  when  a  seismic  phase  is  considered,  which  roughness  statistics  can  best  quantify  the  propagation 
efficiency.  Despite  differences  in  the  definitions,  some  of  these  parameters  share  certain  functional  rela¬ 
tionships  or  even  correlate  linearly  (Jih,  1993c).  Regressing  the  Rg  propagation  efficiency  and  scatter¬ 
ing  loss  on  these  roughness  parameters  indicates  that,  with  the  exception  of  the  Durbin-Watson  statis¬ 
tics  (also  called  the  von  Neumann  ratio),  most  naturally  defined  roughness  measures  could  be  useful  in 
predicting  Rg  propagation  characteristics  of  uncalibrated  paths  (Figure  4).  Similar  statistical  analysis  is 
being  conducted  with  the  Lg  phase. 

2.  Visualization  of  SV  Lg  propagation  in  irregular  waveguides 

LFD  method  is  also  utilized  to  model  the  propagation  and  scattering  of  Lg  waves  in  a  suite  of  cru¬ 
stal  models.  Each  canonical  model  contains  a  laterally  heterogeneous  crust  superimposed  on  the  homo¬ 
geneous  mantle.  The  heterogeneities  examined  include  rough  interfaces,  rugged  free-surface  topogra¬ 
phy,  as  well  as  embedded  thick  sedimentary  layers.  The  pure  Lg  wave  packet  is  injected  into  a 
stratified  portion  of  the  grid  as  the  reference  initial  condition  to  trigger  all  LFD  calculations  (e.g. ,  Figures 
5  and  6).  An  obvious  advantage  of  this  approach  is  that  the  effect  due  to  different  types  of  hetero¬ 
geneity  on  Lg  phase  can  be  isolated  and  evaluated  easily.  Both  abrupt  changes  in  the  Moho  topography 
and  a  thick  contained  sedimentary  layer  can  cause  strong  Lg  -to -S„  conversions  (Figure  7).  The  physi¬ 
cal  mechanisms  underlying  the  conversion  are  different  for  these  two  structures,  however.  The  early  Lg 
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observed  for  paths  from  Novaya  Zemfya  island  to  Scandinavia,  as  reported  by  Baumgardt  (1991),  can 
be  illustrated  with  LFD  calculations  (eg. ,  Figure  6).  Alluvial  basin  structures  cause  strong  reverberations 
as  well  as  very  strong  Lg  -to -Rg  conversions.  If  the  principle  of  seismic  reciprocity  is  invoked.  Rg  -to -Lg 
conversion  could  be  an  important  mechanism  of  Lg  excitation  for  certain  structures,  as  Patton  and  Tay¬ 
lor  (1994)  recently  observed  with  Yucca  Flat  explosions.  Unlike  the  case  for  Rg  ,  free-surface  topography 
alone  does  not  affect  the  Lg  propagation  as  much  as  do  other  types  of  heterogeneity  (Figure  5). 

Conclusions  and  Recommendations 

This  paper  studies  the  scattering  of  Rg  and  Lg  into  body  waves  by  topographic  irregularities  and 
other  heterogeneities  along  the  propagation  paths  using  2-0  finite-difference  simulations.  For  the  Rg 
waves,  rough  topography  is  the  most  important  means  of  scattering  (Jih,  1993abc).  The  velocity  hetero¬ 
geneity  in  the  near-surlace  structure  would  be  another,  which  was  addressed  in  our  earlier  study  (cf. 
McLaughlin  and  Jih,  1987,  and  Jih,  1993b).  The  present  study  expands  the  scope  of  that  of  McLaughlin 
and  Jih  (1986)  in  that  statistical  descriptors  of  the  surface  roughness  are  explored,  and  the  relationships 
to  apparent  attenuation  effects  on  Rg  phase  are  examined  in  a  quantitative  manner.  Numerical  model¬ 
ing  demonstrates  that  Rg  scattering  can  be  an  important  contributor  to  the  formation  of  coda  waves,  in 
support  of  the  observational  studies  by  Greenfield  (1971),  Gupta  and  Wagner  (1992),  and  many  others. 
An  accurate  prediction  of  the  regional  phases  in  areas  of  high  proliferation  concern  requires  a  decent 
understanding  of  the  attenuation  /  scattering  mechanisms  along  the  propagation  paths.  Synthetic 
seismograms  are  particularly  useful  for  regions  where  earthquake  or  explosion  data  are  not  available. 
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Figure  1:  Snapshots  of  the  displacement  field  due  to  a  Rayleigh  wave  incident  upon  topographic  profile 
No.43,  shown  at  every  4  seconds.  Shading  in  each  snapshot  is  proportional  to  V  Uz  +  W*  where  U  and  W 
are  the  displacement  along  the  X  and  Z  directions,  respectively,  of  the  grid.  The  darkness  of  the  plot  is 
normalized  to  the  maximum  in  each  frame.  The  corners  act  as  point  sources  radiating  converted  body 
waves  (mainly  S  wave),  as  previously  reported  by  McLaughlin  and  Jih  (1986)  and  Jih  et  at.  (1988). 
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Flgur®  2.  Seismic  sections  of  the  converted  P  wave  (top)  and  S  wave  (bottom)  displacements  of  model  No.43.  The 
take-off  angle  and  the  maximal  zero-to-peak  amplitude  of  each  synthetic  are  shown  on  the  right.  Note  that  the  converted 
SV  waves  typically  have  a  peak  amplitude  two  to  three  times  larger  than  that  of  the  the  converted  P  waves.  Scattered  S 
waves  with  slownesses  appropriate  for  trapping  in  the  crust  will  generate  waves  observed  at  regional  distances.  In 
this  example,  about  one  third  to  half  of  these  synthetics  would  contribute  primarily  to  Lg  energy. 
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Figure  3.  Five  synthetics  corresponding  to  the  rellected  R„  waves  (No.2,  top),  the  transmitted  Rt  waves 
(No.29),  and  scattered  body  waves  (No.31,  No. 40,  and  No.59),  respectively,  tor  the  topographic  profile 
No.43.  For  scattered  energy,  the  P  and  S  waves  are  shown  in  solid  and  dashed  curves,  respectively. 
Scattered  S  waves  appear  to  contain  more  energy  than  do  the  P  waves  (see  also  the  particle  motions  on 
the  left).  In  realistic  gelogic  structures,  a  significant  fraction  of  the  scattered  $  wave  energy  would  be 
trapped  in  the  crust  and  observed  as  Lg  or  coda  waves,  due  to  their  obligue  take-off  angles. 
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LFD  Simulation  of  Lg  Propagation/scattering,  Model  2a,  Grid  800*500,  dX«dZ»250m 

Figure  5.  The  vertical-component  snapshots  of  Lg  wave  propagation  of  Model  2a  in  which  the  Moho  is 
fully  compensated.  The  elevation  change  of  this  topographic  profile  is  relatively  small  as  compared  to  the 
thickness  of  the  homogeneous  crust,  and  hence  the  transmission  of  Lg  is  fairly  efficient.  This  is  very 
different  from  the  case  of  Rg  where  scattering  by  rough  topography  would  cause  very  strong  apparent 
attenuation,  as  illustrated  in  Figure  1 . 
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Figura  6.  Tha  vertical-component  snapshots  of  Lg  wave  propagation  in  the  basin  model  OFc.  The  Moho 
uplift  causes  strong  S„  conversion  (cf.,  at  20  second).  A  weaker  S„  conversion  also  occurs  at  the 
pinched  end  of  the  basin  where  part  of  the  energy  trapped  in  the  basin  starts  to  leaks  out  of  the  basin. 
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OBJECTIVE 

The  general  objective  of  this  research  effort  is  the  detection  and  discrimination  of  under¬ 
ground  explosions  through  the  study  of  radiated  seismic  waves.  Particular  emphasis  is  on  the 
study  of  physical  processes  in  the  source  region  through  the  development  of  improved  models  lor 
the  generation  and  propagation  of  elastic  waves.  Such  models  are  tested  by  the  collection  and 
analysis  of  broad-band  seismic  data  at  near  and  regional  distances.  The  most  recent  phase  of  the 
research  has  included  the  analysis  of  near-source  seismic  data  from  the  Non  Proliferation  Experi¬ 
ment  (NPE)  for  the  purposes  of  checking  seismic  scaling  relationships  and  exploring  possible 
differences  between  nuclear  and  chemical  explosions. 

RESEARCH  ACCOMPLISHED 

The  NPE  was  conducted  by  the  Department  of  Energy  at  the  Nevada  Test  Site  in  September 
1993  and  provided  a  unique  opportunity  to  test  may  of  the  critical  issues  related  to  seismic 
verification  research.  The  NPE  was  a  chemical  explosion  with  a  yield  of  about  1.1  kilotons  which 
was  detonated  at  a  depth  of  389  meters  in  Rainier  Mesa.  Included  in  the  experiment  was  the 
deployment  of  a  large  number  of  seismic  recording  stations  both  within  Rainier  Mesa  and  on  the 
surface  above  the  explosion,  yielding  a  very  complete  set  of  three-component  broad-band  seismic 
waveform  data  in  the  near-source  distance  range.  The  waveform  data  recorded  by  three  of  the 
participating  groups.  Southern  Methodist  University,  Los  Alamos  National  Laboratory,  and  UC 
Berkeley,  have  been  jointly  analyzed  to  obtain  estimates  of  the  explosion  parameters  and  the 
uncertainties  in  these  estimates. 

Prior  to  the  NPE  a  surface  reflection  profile  was  obtained  along  a  north-soutn  line  on  the 
surface  of  Rainier  Mesa  about  600  meters  to  the  west  of  the  explosion  epicenter  (Majer  et  al, 
1994).  The  data  from  this  profile  were  processed  using  conventional  seismic  reflection  techniques, 
including  common-depth-point  stacking,  velocity  semblance,  and  migration.  The  results  were 
interpreted  with  the  aid  of  the  geological  information  obtained  from  drill  holes  (Baldwin  et  al., 
1994)  to  yield  a  one-dimensional  model  of  the  P  velocity  for  Rainier  Mesa  in  the  vicinity  of  the 
NPE.  This  model  was  also  constrained  to  agree  with  the  travel  times  of  the  direct  P  wave 
observed  from  the  NPE.  The  S  velocity  and  density  were  derived  from  the  P  velocity  using  ratios 
consistent  with  measurements  of  velocity  and  density  obtained  from  the  drill  holes.  The  net  result 
is  the  model  shown  in  Figure  1. 

The  general  features  of  the  velocity  model  include  rather  low  velocities  in  the  weathered 
layer  at  the  surface,  but  these  increase  rapidly  in  the  cap  rock  of  the  mesa,  the  Rainier  Mesa  Tuff. 
There  is  a  decrease  in  velocity  part  way  through  this  unit  (depth  of  80  meters)  and  a  further 
decrease  at  its  bottom.  The  underlying  unit,  the  Paintbrush  Tuff,  has  very  low  velocities,  but  the 
velocities  increase  before  reaching  the  depth  of  the  NPE  (389  meters)  in  the  Tunnel  Beds  Unit. 
Below  the  explosion  depth  there  is  a  further  increase  in  the  velocity  and  then  the  Paleozoic  base¬ 
ment  is  encountered  at  a  depth  of  about  775  meters. 
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two  inversions  show  good  agreement  in  their  general  features.  This  agreement  can  be  quantified 
by  comparing  the  parametric  models  which  were  fit  to  the  spectral  moduli  and  are  shown  as  dot¬ 
ted  lines  in  the  figures.  This  parametric  model  had  the  form 


\M(f)\2  = 


Pt 


1  +  2(2/*4 -IX/ IP2)Pl  +  (f/P2)2Pi 


+  Ps 


where 


Pi  is  the  low  frequency  level,  or  scalar  moment 

P2  is  the  corner  frequency 

P  3  is  the  high  frequency  decay  rate 

PA  is  the  damping  parameter  (1  for  critical  damping) 

Ps  is  the  variance  of  the  signal  independent  white  noise 

This  model  was  fit  to  the  estimated  spectral  moduli  of  the  NPE  by  a  maximum  likelihood  pro¬ 
cedure  with  the  damping  constrained  to  be  critical  (P4  =  1.0),  with  the  following  results: 


SMU 

scalar  moment  25.6  1013  Nm 

comer  frequency  2.6  Hz 

high-frequency  decay  2.5 


LANL 
25.3  1013  Nm 
2.6  Hz 
2.1 


Based  on  the  analysis  of  this  study,  these  properties  of  the  NPE  source  appear  to  have  been 
estimated  with  an  uncertainty  of  approximately  5%. 


The  spectral  parameters  estimated  for  the  isotropic  moment  tensor  of  the  NPE  were  con¬ 
verted  to  source  properties  using  the  scaling  relationships  of  Denny  and  Johnson  (1991).  The 
working  point  properties  which  were  used  in  these  calculations  were  as  follows: 


P  velocity 
S  velocity 
density 
pressure 
gas  porosity 


a  =  2.6  km  I  sec 
P  =  1.2  km  I  sec 
p  =  1.9  gmlcc 
P0  =  7.2  MPa 
GP  =  1% 


The  calculations  yielded  the  following  estimated  source  properties  for  the  NPE: 


scalar  moment 
static  RDP 
yield 

cavity  radius 
elastic  radius 


Ma  =  25  1013  Nm 
=  1600  m3 
W  =  1.7  fa 
Rc  =  20  m 
R,  =  150  m 


These  estimates  appear  to  be  reasonable,  although  the  yield  of  1.7  kt  is  significantly  greater  than 
the  announced  yield  of  1.1  kt. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  NPE  was  a  valuable  exercise  because  it  was  specifically  designed  to  gather  data  which 
could  be  used  to  study  verification  issues.  In  the  case  of  the  present  study,  this  meant  that 
sufficient  high-quality  waveform  data  were  available  to  compare  independent  moment  tensor 
inversions  and  thus  obtain  an  estimate  of  the  uncertainty  in  the  results.  Further  comparisons  of 
this  type  are  possible  and  should  be  performed,  such  as  the  comparison  with  free-field  data  and 
inversions  obtained  from  regional  data. 

The  presen*  study  allowed  a  consideration  of  one  source  of  uncertainty  in  the  moment  tensor 
inversion  method,  the  effect  of  incomplete  sampling  of  the  data  space.  However,  another  aspect 
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The  data  used  in  this  study  were  all  obtained  with  similar  instrumentation.  The  seismome¬ 
ters  were  accelerometers  with  nominal  natural  frequencies  of  100  Hz.  Each  station  had  three  com¬ 
ponents.  The  data  were  digitally  recorded  at  a  sampling  interval  of  0.004  sec.  Much  of  the  data 
recorded  within  600  meters  of  the  explosion  epicenter  showed  accelerations  greater  than  1  g  and 
contained  evidence  of  spall,  and  such  data  were  not  included  in  the  analysis.  The  data  included  in 
the  analysis  was  all  recorded  at  ranges  between  600  and  2200  meters,  with  a  fairly  complete  dis¬ 
tribution  of  azimuths.  The  number  of  recording  stations  available  was  14,  or  42  seismograms. 

The  wave-form  data  were  subjected  to  the  standard  moment  tensor  inversion  method  (Stump 
and  Johnson,  1977).  Past  experience  with  this  method  has  indicated  that  reliable  results  can  be 
obtained  when  the  inversion  is  performed  with  at  least  IS  seismograms  representing  a  sufficient 
range  in  azimuth  and  distance.  The  amount  of  data  available  in  the  present  study  was  consider¬ 
ably  more  than  this  and  provided  an  opportunity  to  perform  a  check  on  the  consistency  of  the 
moment  tensor  estimates.  Thus  the  data  were  divided  into  two  independent  sets,  with  each  set 
having  7  stations  (21  seismograms)  and  similar  distributions  in  range  and  azimuth.  One  of  the 
data  sets  was  recorded  by  Southern  Methodist  University  (SMU)  and  the  other  by  Los  Alamos 
National  Laboratory  (LANL),  and  these  institution  names  will  be  used  to  designate  the  two  data 
sets. 


The  moment  tensor  inversions  were  performed  with  complete  seismograms  consisting  of  8.1 
sec  of  data,  although  most  of  the  large  amplitude  phases  arrive  in  the  first  4  sec.  Green  functions 
for  the  inversion  were  calculated  using  the  one-dimensional  model  shown  in  Figure  1.  The  basic 
results  of  the  inversions  are  shown  in  Figures  2  and  3.  In  both  cases  the  moment  tensor  is  dom¬ 
inated  by  its  diagonal  elements,  as  one  would  expect  for  a  simple  explosion.  Thus  a  good  approx¬ 
imation  to  the  explosive  part  of  the  source  is  provided  by  the  isotropic  moment  tensor  (average  of 
the  three  diagonal  elements),  and  the  spectrum  of  this  function  is  shown  in  the  lower  panel  of  the 
figures. 


The  availability  of  two  estimates  for  the  moment  tensor  of  the  NPE,  obtained  with  indepen¬ 
dent  data  sets,  provides  a  partial  check  on  one  of  the  difficulties  present  in  most  methods  of 
estimating  seismic  source  parameters,  the  uncertainty  introduced  by  the  incomplete  sampling  of 
data  space.  Such  an  uncertainty  is  always  present  in  an  inverse  problem  such  as  this  when  the 
number  of  recording  stations  is  finite.  The  simple  hypothesis  followed  in  interpreting  the  results 
of  this  study  is  that  those  features  of  the  moment  tensor  which  are  common  to  the  two  inversions 
are  most  likely  to  be  reliable  features  of  the  actual  source,  while  those  features  which  are  different 
provide  a  measure  of  the  uncertainty  of  the  moment  tensor  which  can  be  attributed  to  the  incom¬ 
plete  sampling  of  data  space. 


A  comparison  of  the  time  domain  estimates  of  the  moment  tensor  in  Figures  2  and  3  shows 
good  agreement  with  regard  to  the  basic  feature,  a  simple  step  function  with  a  finite  rise  time  on 
the  diagonal  elements.  There  is  also  approximate  agreement  concerning  the  small  oscillations  on 
the  flat  part  of  the  step  function.  However,  the  amplitudes  of  the  step  functions  show  a  variability 
between  components  which  has  a  different  pattern  in  the  two  inversions,  suggesting  that  this 
feature  of  the  results  is  not  well  determined.  This  is  not  surprising  in  view  of  the  fact  that  three 
integrations  with  respect  to  time  have  to  be  performed  in  going  from  the  observational  data  to  the 
moment  tensor  estimates,  and  low-frequency  instability  is  characteristic  of  such  integrations.  With 
respect  to  the  much  smaller  off-diagonal  elements  of  the  moment  tensor,  there  is  some  agreement 
between  the  two  inversions  with  respect  to  sign  but  some  disagreement  with  respect  to  the  shape. 
This  leads  to  the  general  assessment  that  a  small  signal  is  present  in  these  off-diagonal  elements, 
but  the  uncertainty  is  comparable  to  the  amplitude  of  the  signal. 


The  comparison  of  the  time  domain  estimates  suggests  that  the  best  determined  feature  of 
the  moment  tensor  is  the  isotropic  part,  and  this  conclusion  is  reinforced  by  the  comparison  of  the 
spectra  shown  in  Figures  2  and  3.  The  spectra  of  the  isotropic  part  of  the  moment  tensors  for  the 
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which  requires  a  similar  investigation  is  the  effect  of  the  velocity  model  used  in  the  inversion.  A 
single  velocity  model,  thought  to  be  reasonably  accurate  because  it  was  based  upon  reflection  data 
and  information  from  drill  holes,  was  used  in  both  of  the  inversions,  so  it  is  possible  that  sys¬ 
tematic  errors  in  this  model  could  affect  the  estimates  of  the  moment  tensor  and  in  turn  bias  the 
estimates  of  source  properties.  For  instance,  inaccurate  values  for  the  velocity  and  density  at 
either  the  source  or  receiver  location  can  directly  influence  the  estimate  of  yield.  In  addition,  the 
scaling  relationships  depend  upon  the  working  point  properties  and  so  any  inaccuracies  here  are 
translated  directly  into  the  estimates  of  source  properties.  The  NPE  appears  to  be  good  opportun¬ 
ity  to  explore  matters  such  as  these,  as  the  available  information  on  material  properties  is  much 
better  than  in  most  cases,  and  it  should  be  possible  to  place  realistic  bounds  upon  the  uncertainty 
that  they  introduce  into  the  final  results. 


The  moment  tensor  inversion  results  of  this  study  coupled  with  the  scaling  relationships  of 
Denny  and  Johnson  (1991)  result  in  an  estimate  of  the  NPE  yield  which  is  significantly  greater 
than  the  announced  yield.  It  is  important  to  understand  the  reason  for  this  difference.  The  scaling 
relationships  are  primarily  empirical  and,  although  both  nuclear  and  chemical  data  were  used  in 
their  construction,  there  were  few  data  on  moment  versus  yield  in  the  range  around  1  kt.  The 
question  of  interest  here  is  whether  separate  scaling  relationships  are  required  for  nuclear  and 
chemical  explosions. 
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Figure  1.  Velocity  and  density  model  for  the  upper  part  of  Rainier  Mesa  in  the  vicinity  of  the  NPE. 
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Figure  2.  Moment  tensor  estimates  obtained  from  tbe  inversion  of  the  SMU  waveform  data.  The  top  panel 
shows  estimates  for  the  six  elements  of  the  force  moment  tensor.  The  directions  are  chosen  so  that  1  is 
north,  2  is  east,  and  3  is  down.  The  numbers  on  the  right  are  maximum  values  in  units  of  10n  Mm .  Tbe 
bottom  panel  shows  tbe  modulus  of  the  Fourier  transform  of  (he  isotropic  moment  rate  tensor.  The  dashed 
line  is  an  estimate  of  the  uncertainty  in  the  estimate  and  the  doited  line  is  a  parametric  model  which  was 
fit  to  the  modulus. 
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Objectives  and  Approach 


The  technologies  of  nuclear-monitoring  seismology  are  built,  in  part,  on  studies  of  wave 
propagation  at  regional  distances  (<  2000  km).  One  poorly  understood  aspect  of  regional 
propagation  is  the  forward  scattering  of  high-frequency  signals  by  small  inhomogeneities.  The 
objective  of  our  research  is  to  erect  quantitative,  stochastic  models  of  small-scale  heterogeneity 
that  arc  suitable  for  assessing  scattering  effects  at  regional  distances. 


Although  crustal  and  upper-mantle  heterogeneities  are  thought  to  be  responsible  for  the  strong 
multiple  scattering  recorded  on  essentially  all  high-frequency  seismograms  at  regional  distances, 
there  have  been  few  attempts  to  quantitatively  decribe  the  small-scale  heterogeneity.  The  task  is 
especially  challenging  for  the  mantle  because  there  is  no  feasible  way  to  image  small-scale 
structures  at  these  great  depths  (discounting  the  rather  meager  returns  from  reflection  profiling). 
The  geological  study  of  upper-mantle  outcrops  and  xenoliths  gives  some  guidance  regarding  the 
range  of  plausible  rock  types  and  the  fabrics  of  rock  formations  (Nicolas  and  Christensen,  1987; 
Kern,  1993],  but  their  dimensions  are  too  limited  to  extract  the  parameters  needed  to  describe 
regional  wave  propagation,  even  in  the  special  tectonic  regions  where  they  are  found. 


120'  135'  150' 


120'  135'  ISO' 


FIGURE  1.  Two  Australian  corri¬ 
dors  analyzed  in  this  study.  Model 
AU3  was  derived  from  three- 
component  seismograms  recorded 
at  NWAO  from  20  shallow  and  in¬ 
termediate-depth  earthquakes  in  the 
New  Britain  region.  Data  were 
were  also  obtained  from  the  Banda 
Sea-CAN  corridor  to  test  for  azi¬ 
muthal  anisotropy,  which  was  not 
observed  (Fig.  2a). 


Our  approach  is  to  model  small-scale  heterogeneity  by  a  bootstrap  from  low  to  high  frequencies. 
We  first  use  low-frequency  (<  .05  Hz),  phase-coherent  waves  to  derive  anisotropic,  path- 
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averaged  models  of  crustal  and  upper- mantle  structure.  We  have  developed  methods  for 
extracting  phase  delays  and  amplitudes  from  three-component  seismograms  that  have  delivered 
new  information  about  impedance  discontinuities  and  velocity  gradients  in  the  upper  mantle;  the 
analysis  of  an  Australian-crossing  corridor  is  presented  below.  The  second  step  is  to  interpret  the 
polarization  anisotropy  in  terms  of  heterogeneity  at  subwavelength  scales.  We  have  formulated 
stochastic  models  that  specify  the  small-scale  heterogeneity  of  the  continental  upper  mantle  as 
samples  of  Gaussian  random  fields  with  self-affine  (fractal)  scaling  at  high  wavenumbers.  The 
models  include  fields  where  the  local  properties  are  hexagonally  anisotropic  with  a  nearly 
horizontal,  but  randomly  oriented,  axis  of  symmetry.  The  low-frequency  inversions  yield  good 
values  for  the  magnitude  and  depth  extent  of  the  heterogeneity,  although  they  place  only  crude 
bounds  on  its  characteristic  (outer)  scale  lengths  and  no  constraints  whatsoever  on  its  high- 
wavenumber  behavior.  The  third  step,  and  a  major  focus  of  our  current  theoretical  efforts,  is  to 
design  experiments  to  estimate  the  outer  scales  and  fractal  dimensions  from  high-frequency, 
phase-incoherent  data. 


Research  Accomplishments 


Observational  Studies.  To  get  better  vertical  resolution  of  anisotropic  structure,  we  have 
developed  new  observational  techniques  to  extract  large,  rich  data  sets  in  a  self-consistent  way 
from  three-component  seismograms.  We  have  applied  these  methodologies  to  several  corridors, 
including  one  in  the  western  Pacific  (Tonga-Kermadec  to  Oahu),  presented  by  Gaherty,  Jordan, 
and  Gee  [1994],  and  two  crossing  the  Australian  continent,  discussed  in  this  report.  Most  of  the 
Australian  data  were  collected  along  paths  from  earthquakes  in  New  Britain  to  the  station 
NWAO,  although  we  also  analyzed  some  nearly  orthogonal  paths  from  the  Banda  Sea  to  CAN 
(Fig.  1).  The  path  lengths  ranged  from  35°  to  43°. 


We  employed  ScS  reverberations  to  identify,  locate  and  measure  the  impedance  contrasts  of 
upper-mantle  discontinuities.  Revenaugh  and  Jordan  [1991]  summarize  the  technique  and 
describe  the  results  of  stacking  reverberations  for  18  paths,  including  a  reflectivity  profile  for 
New  Britain-NWAO  corridor  (their  Fig.  A 12).  This  profile  shows  well-developed  Hales  (H)  and 
Lehmann  (L)  discontinuities  with  positive  impedance  contrasts  of  4.9%  and  2.1%,  respectively, 
located  at  average  apparent  depths  (based  on  PREM)  of  56  km  and  249  km.  The  latter  appears  to 
deepen  towards  the  center  of  the  Australian  craton.  No  discontinuity  with  a  negative  SV 
impedance  contrast  (i.e.,  G  discontinuity  =  lid-LVZ  boundary)  is  observed.  The  New  Britain- 
NWAO  stack  also  identifies  transition-zone  discontinuities  at  PREM  apparent  depths  of  41 1  km 
(+4.4%),  499  km  (+.8%),  and  662  km  (+4. 1  %). 


We  measured  over  800  frequency-dependent  travel  times  from  S  and  SS  body  waves  and  R  and  G 
surface  waves  using  the  isolation-filter  techniques  of  Gee  and  Jordan  [1992].  The  isolation 
filters  were  synthesized  by  phase-  and  group-velocity  windowing  during  mode  summation,  and 
the  travel  times  were  represented  as  phase-delays  referenced  to  a  starting  model.  The  phase- 
delay  observations,  which  spanned  the  10-45  mHz  band,  were  interpreted  using  the  Gee  and 
Jordan's  theory  of  generalized  seismological  data  functionals  (GSDFs);  the  Frechet  kernels 
accounted  for  all  diffraction  and  (one-dimensional)  mode-coupling  effects,  as  well  as  the  effects 
of  interference  remaining  after  the  isolation  filtering. 


The  data  invariably  show  appreciable  polarization  anisotropy;  e.g.,  splitting  of  SV-  and  SH- 
polarized  shear  waves  by  up  to  10  s  and  R  and  G  surface  waves  by  up  to  20  s  (Fig.  2).  We  did 
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not  observe  any  significant  azimuthal  anisotropy,  however.  While  the  two  orthogonal  paths  in 
Fig.  1  have  slightly  different  dispersion  curves,  they  display  essentially  the  same  splitting  (Fig. 
2a).  We  infer  that  waves  propagating  over  distances  of  40°  or  so  average  out  azimuthal 
anisotropy,  at  least  in  Australia. 


<J  (mHz)  u  (mHz) 

FIGURE  2.  Phase  delays  of  surface  waves  {top)  and  SS  waves  {bottom),  expressed  as  residuals  in  seconds  with 
respect  to  the  isotropic  starting  model,  AU1.  Left  panel  shows  the  comparison  between  average  measured  residuals 
for  the  two  crossing,  approximately  orthogonal  corridors  in  Fig.  1.  Data  for  the  New  Britain-NWAO  corridor  are 
shown  as  solid  lines;  data  for  the  Banda  Sea-CAN  corridor  as  dashed  lines.  Although  there  are  small  differences  in 
the  dispersion,  the  amount  of  shear-wave  splitting  is  essentially  identical,  indicating  that  the  azimuthal  components 
of  anisotropy  are  small  at  these  epicentral  distances.  Right  panel  is  a  comparison  of  the  average  data  for  the  New 
Britain-NWAO  corridor  (points  with  1-ct  error  bars)  with  AU3  (solid  lines). 

The  impedance  contrasts  and  the  vertical  travel  times  from  the  ScS  reverberations  were  combined 
with  the  frequency-dependent  phase  delays  derived  from  the  GSDF  method,  and  the  resulting 
data  set  was  inverted  for  a  radially  anisotropic  (transversely  isotropic),  path-averaged  structure. 
Down  to  the  base  of  the  transition  zone,  we  allowed  the  density  p  and  two  to  five  elastic 
parameters  {vPV,  \pH,  vSv>  vSH,  and  tj)  to  vary  linearly  in  layers  separated  by  discontinuities, 
whose  depths  were  also  allowed  to  vary.  In  the  lower  mantle,  the  model  was  fixed  to  the 
isotropic  structure  of  PREM  [Dziewonski  and  Anderson,  1981].  An  isotropic  starting  model 
with  this  parameterization,  AU1,  was  constructed  to  fit  approximately  the  ScS  reverberations  and 
PSV  phase  delays.  Two  iterations  of  the  linearized  inversion  were  performed;  in  each,  radial 
anisotropy  was  allowed  to  develop  in  the  two  mantle  layers  below  the  M  and  above  the  L 
discontinuities.  The  resulting  model,  AU3,  is  presented  in  Fig.  3,  and  its  fit  to  the  average  SS  and 
surface-wave  phase-delays  is  illustrated  in  Fig.  2b.  Its  match  to  the  ScS  reverberation  data  is 
similarly  good. 

AU3  has  an  S-wave  anisotropy  ratio,  {vSH  -  vsv)/  v5W ,  of  about  3%  in  the  layer  between  the  H 
and  L  discontinuities,  and  no  anisotropy  below  this  depth.  Inversion  experiments  allowing 
deeper  anisotropy  yielded  models  with  small  anisotropy  below  L,  usually  with  a  negative  SH/SV 
ratio,  and  no  better  fits  to  the  data.  These  results  are  thus  consistent  with  the  hypothesis  of 
Revenaugh  and  Jordan  [1991]  that  the  L  discontinuity  is  the  boundary  separating  an  anisotropic 
mechanical  boundary  layer  (lithosphere)  from  the  nearly  isotropic  sublithospheric  mantle.  AU3 
has  a  positive  SV  impedance  contrast  at  the  L  discontinuity,  as  required  by  the  ScS  reverberation 
data,  but  a  negative  SH  contrast,  in  general  agreement  with  SH  models  like  SNA  of  Grand  and 
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Helmberger  [1984],  which  show  an  SH  low- velocity  zone  (LVZ)  in  this  pan  of  the  upper  mantle. 
The  Voigt-Reuss-Hill  isotropic  average  of  AU3  does  not  vary  significantly  across  the  L 
discontinuity,  so  that  there  is  no  need  to  invoke  incipient  melting  as  a  mechanism  for  generating 
this  LVZ.  AU3  has  higher  velocities  than  the  Pacific  model  of  Gaherty  et  ai.  [1994]  down  to  400 
km,  indicative  of  a  continental  tectosphere  that  extends  below  the  L  discontinuity  [cf.  Lemer- 
Lam  and  Jordan,  1987]. 


We  note  that  Bowman  and  Kennett's  [1993]  SOZ  model,  derived  from  high-frequency  Sn  travel 
times  measured  at  regional  distances  across  central  and  western  Australia,  also  has  an  LVZ 
(though  it  is  about  40  km  shallower).  This  supports  Gee  and  Jordan’s  [1988]  explanation  for 
what  they  called  the  "Sn  discrepancy":  that  the  first-arriving,  high-frequency  Sn  waves,  regardless 
of  their  polarization,  propagate  with  average  speeds  at  or  above  the  low-frequency  SH  velocity. 
This  behavior  may  be  indicative  of  strong  scattering  of  Sn  waves  in  a  laminated,  anisotropic 
lithosphere  of  the  sort  discussed  below. 


n  p  (gm/cm3)  Vs  (km/s)  Vp  (km/s) 


FIGURE  3.  Model  AU3,  representing  path-averaged  structure  of  the  upper  mantle  along  the  New  Britain-NWAO 
corridor.  The  model  is  radially  anisotropic  between  the  M  and  L  discontinuities  and  isotropic  elsewhere.  Where 
they  differ,  horizontally  and  vertically  polarized  velocities  are  shown  by  solid  and  dashed  lines,  respectively.  AU3 
is  consistent  with  Revenaugh  and  Jordan's  [1991]  hypothesis  that  L  represents  the  transition  from  an  anisotropic 
lithosphere  to  a  more  isotropic  sublithosphere.  Note  that  L  is  an  impedance  increase  for  SV  waves,  as  required  by 
the  ScS  reverberation  data,  but  an  impedance  decrease  for  SH  waves. 


Theoretical  Studies.  Although  polarization  anisotropy  is  ubiquitously  observed  for  waves  that 
propagate  through  the  Earth's  upper  mantle  [Anderson  and  Dziewonski,  1982],  surprisingly  little 
work  has  been  done  to  understand  how  this  phenomenon  is  related  to  the  local  properties  of 
mantle  rocks.  It  is  known  that  olivine  and  pyroxene — both  highly  anisotropic  minerals — 
dominate  upper-mantle  mineralogies,  and  that  these  minerals  can  be  aligned  by  the  flow  fields  of 
plate  tectonics  [Estey  and  Douglas,  1986;  Nicolas  and  Christensen,  1987;  Kern,  1993].  But  not 
much  can  be  said  about  the  vertical  and  horizontal  scale  lengths  over  which  this  alignment  is 
coherent.  The  deficiency  is  particularly  acute  in  the  continents,  which  are  associated  with  a 
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thick,  chemically  heterogeneous  tectosphere  [Jordan,  1988]  having  a  complex  (and  largely 
unknown)  metamorphic  history. 


We  have  formulated  stochastic  models  that  specify  the  small-scale  heterogeneity  of  the 
continental  upper  mantle  as  samples  of  Gaussian  random  fields  with  self-affine  (fractal)  scaling 
at  high  wavenumbers.  The  parameters  of  two-point  correlation  functions  for  these  fields  include 
kt  and  kh,  the  characteristic  (outer-scale)  wavenumbers  in  the  vertical  and  horizontal  directions, 
respectively,  and  a  fractal  dimension  D.  The  models  include  rough,  isotropic  (RI)  fields,  where 
the  elastic  properties  are  locally  isotropic,  and  rough,  anisotropic  (RA)  fields,  where  the  local 
properties  are  hexagonally  anisotropic  with  an  axis  of  symmetry  n(x)  that  is  nearly  horizontal, 
but  randomly  oriented.  We  distinguish  two  cases:  equidimensional  stochastic  heterogeneity, 
which  has  an  aspect  ratio  near  unity  (a  s  kt  /  kh  ~  1),  and  a  stochastic  laminate,  which  has  a 
large  aspect  ratio  ( a  »  1). 


For  stochastic  laminates,  we  have  derived  effective-media  representations  valid  in  the  limit 
(o/c«kz  by  the  averaging  procedure  of  Backus  [1962].  This  approximation  docs  not  require 
any  ordering  between  the  wavenumber  of  the  seismic  data  functional,  co/c,  and  the 
characteristic  horizontal  wavenumber  of  the  heterogeneity,  kh.  For  equidimensional 
heterogeneity,  we  have  obtained  effective-media  representations  valid  for  kH  -  k2  «  co  /  c  by 
slowness  averaging. 
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FIGURE  4.  Plot  of  the  P  anisotropy 
ratio  against  the  S  anisotropy  ratio, 
comparing  AU3  (triangle)  and  its  50% 
confidence  ellipse  (shaded  region) 
against  theoretical  values  for  anisotropic 
stochastic  laminates  with  various  as¬ 
sumptions  of  local  anisotropy.  The 
models  include  both  the  predictions  for 
ideally  aligned,  hypothetical  composi¬ 
tions  (squares)  and  local  anisotropies 
measured  by  Christensen  [1994]  in  a 
suite  of  peridoiitic  xenoliths  (circles). 
The  magnitude  of  the  shear-wave 
anisotropy  observed  in  Australia  falls  at 
die  lower  end  of  the  range  predicted  by 
the  stochastic  models,  while  the  com- 
pressional-wave  anisotropy  is  signifi¬ 
cantly  smaller.  The  comparison  can  be 
improved  by  modifying  the  laminate 
models  to  have  fast  axes  dispersed  out 
of  the  horizontal  plane. 


The  upper-mantle  anisotropy  observed  for  trans-Australian  paths  can  be  explained  by  both  RI 
and  RA  models,  but  the  former  requires  a  laminated  structure  in  order  to  yield  an  effective 
medium  that  is  radially  anisotropic.  The  laminated  RI  model  is  unsatisfactory,  however,  because 
it  implies  an  RMS  variation  in  the  local  isotropic  properties  on  the  order  of  10%,  much  larger 
than  the  3%  or  less  predicted  by  realistic  mantle  petrologies  [Gee  and  Jordan,  1988].  Acceptable 
transversely  isotropic  averages  can  be  obtained  from  RA  models  with  plausible  local  anisotropy 
in  both  the  equidimensional  and  laminate  approximations,  however.  Fig.  4  compares  the 
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anisotropy  ratios  for  AU3  against  a  series  of  models  for  stochastic  laminates  with  different  local 
anisotropies.  The  models  include  both  theoretical  compositions  (pure  olivine  and  pyrolite  with 
ideal  alignment;  oata  summarized  by  Estey  and  Douglas  [1986])  and  local  anisotropies  from  a 
suite  of  perukutic  xenoliths  measured  by  Christensen  [1994],  The  AU3  shear-wave  anisotropy 
lies  at  the  *ower  end  of  the  range  predicted  by  these  particular  stochastic  laminates,  while  the 
compressional-wave  anisotropy  is  significantly  smaller.  Similar  results  are  obtained  for 
equidimensiona)  stochastic  models. 

The  P- wave  anisotropy  is  not  well  constrained  by  the  observations,  however,  and  it  may  be  un¬ 
derestimated  in  AU3.  Moreover,  the  models  were  constructed  assuming  the  fast  axis  is  locally 
horizontal  everywhere,  thus  maximizing  the  predicted  anisotropy.  By  allowing  for  stochastic 
variations  in  the  dip  of  this  axis,  we  can  decrease  the  amount  of  low-frequency  anisotropy  by  an 
arbitrary  factor,  thus  reducing  the  amount  of  anisotropy  predicted  by  the  laminate  models  in 
Fig.  4.  Therefore,  the  anisotropy  in  AU3  can  be  plausibly  explained  by  simple  RA  models.  Such 
models  do  not  require  that  the  horizontal  correlation  length  k^]  be  large  and  are  thus  consistent 
with  anisotropy  resulting  from  structures  frozen  in  during  ancient  episodes  of  tectonic 
deformation  [Silver  and  Chan,  1991;  Helffrich  et  al.,  1994], 

Conclusions  and  Recommendations 

We  conclude  that  the  L  discontinuity  is  an  expression  of  the  rapid  extinction  of  lithospheric 
anisotropy  with  depth.  This  feature,  which  is  constrained  by  the  reverberation  data  to  have  a 
thickness  less  than  about  30  km,  is  presumably  controlled  by  thermally  activated  processes,  one 
possibility  being  the  transition  from  dislocation  creep  to  diffusion  creep  conjectured  by  Karato 
[1992].  Our  model  explains  why  a  low-velocity  zone  is  observed  in  stable  continents  at  depths 
of  200-250  km  for  SH  waves,  but  not  for  SV  waves  [Revenaugh  and  Jordan,  1991].  The 
description  of  the  region  above  the  L  discontinuity  as  an  anisotropic,  heterogeneous  mechanical 
boundary  layer  is  consistent  with  the  petrology  of  kimberlite  xenoliths.  In  particular,  the  L 
discontinuity  appears  to  mark  the  maximum  depth  from  which  kimberlite  magmas  can  propagate 
upwards  via  magma-fracture  [Spence  and  Turcotte,  1990],  and  it  thus  sets  the  maximum  equili¬ 
bration  depth  observed  in  the  kimberlite  nodules  [Boyd  and  Gurney,  1986]. 

High  priority  should  be  given  to  testing  the  models  described  here  against  additional  data  sets  in 
order  to  place  tighter  bounds  on  the  stochastic  parameters.  At  this  stage,  it  is  particularly 
important  to  resolve  the  ambiguity  in  the  aspect  ratio  a  =  kz  /  kh,  which  is  a  critical  parameter  in 
the  description  of  high-frequency  scattering  at  regional  distances.  The  concept  of  an  anisotropic 
stochastic  laminate  (a  » 1)  has  several  attractive  features;  e.g.,  the  forward  multiple  scattering 
of  high-frequency  waves  by  such  structures  can  potentially  explain  the  S„  discrepancy  [Gee  and 
Jordan,  1988]  and  the  P-wave  "shingling"  commonly  observed  on  long-range  refraction  profiles 
[Fuchs  and  Shulz,  1976;  Cipar  et  al.,  1993].  But  models  with  high  aspect  ratios  cannot  easily 
satisfy  the  large  splitting  observed  for  vertically  propagating  SKS  waves  [Silver  and  Chan,  1991; 
Helffrich  et  al.,  1994].  It  may  be  that  a  varies  strongly  both  laterally  and  vertically  in  the 
subcontinental  mantle. 

Additional  theoretical  efforts  are  needed  to  design  methods  to  estimate  the  outer  scales  and 
fractal  dimensions  from  broadband  recordings  of  seismic  signals  at  regional  distances.  We  are 
exploring  the  use  of  frequency-dependent  signal  (first-motion)  velocities  for  this  purpose.  If 
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successful,  we  will  incorporate  the  high-frequency  constraints  into  models  derived  from  the  low- 
frequency  analysis. 
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OBJECTIVE 

The  objective  of  our  research  is  to  find  ways  to  compute  synthetics  of  Lg-waves  in  com¬ 
plicated  heterogeneous  media.  Lg-waves  are  the  most  prominent  phases  on  regional  seismo¬ 
grams.  As  such  they  are  important  in  studying  seismic  sources  and  the  structure  of  the  crust 
and  upper  mantle. 

In  our  study  we  look  at  Lg-waves  from  both  a  mode  and  a  ray  point  of  view  (Kennett, 
1986).  The  validation  of  the  ray  methods,  by  comparing  them  to  the  mode  sum  is  the  pri¬ 
mary  reason  for  this  study.  Both  methods  have  been  among  the  most  successful  in  computing 
synthetics  in  heterogeneous  media.  However  the  ray  method  tends  to  be  less  difficult  from 
a  computational  point  of  view. 

To  gain  physical  understanding  we  start  by  considering  the  propagation  of  Lg-waves  in 
a  simple  layer  over  a  halfspace.  A  comparison  of  the  sermograms,  computed  using  the 
two  different  methods  is  presented  and  an  interpretation  of  the  Lg-waves  in  terms  of  modes 
and  rays  is  given.  Subsequently  we  discuss  the  effects  of  an  undulating  Moho  on  the  wave 
propagation;  in  doing  so  we  emphasize  ray  theory,  because  of  its  computational  advantages 
over  mode  theory.  First  we  discuss  one-point  ray  tracing  and  point  out  the  limitations  of 
two-point  ray  tracing.  Because  of  the  limitations  of  classical  ray  theory  we  also  study  the 
application  of  graph  theory  to  this  kind  of  models. 

RESEARCH  ACCOMPLISHED 
Lg-waves  in  simple  layered  media 

In  order  to  understand  the  ray-mode  duality  of  Lg-waves  in  layered  media  we  take  a  simple 
layer  over  a  halfspace  model,  see  table  1.  The  source  that  we  use  is  a  strike-slip  point  source, 
at  8  km  depth.  All  seismograms  are  calculated  for  points  on  a  line  through  the  source, 
perpendicular  to  the  strike  direction.  For  this  preliminary  investigation  we  only  study  SH 
waves.  The  calculated  synthetics  are  all  convolved  with  the  WWSSN  short  period  instru¬ 
ment  response,  which  acts  as  a  passband  with  comer  frequencies  of  1Hz  and  3Hz. 

Modes  -  Using  the  locked  mode  approximation  of  normal  mode  theory,  synthetics  have  been 
calculated.  The  epicentral  distance  was  500  km.  Figure  1  shows  seismograms  in  which  the 
first  ten,  twenty,  forty  and  hundred  modes  are  used.  After  comparing  the  seismograms  we 
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conclude  that  ten  modes  are  clearly  not  enough  to  model  the  whole  Lg  wavetrain.  If  twenty 
modes  are  used  then  the  first  half  of  the  seismogram  is  reasonably  well  modelled,  when  com¬ 
pared  with  the  seismogram  in  which  hundred  modes  have  been  used.  If  forty  modes  are  used 
then  the  result  is  quite  satisfactory;  except  for  the  fact  that  the  last  part  of  the  seismogram 
is  not  well  modelled.  It  appears  that  we  need  around  sixty  additional  modes  in  order  to  get 
one  more  arrival. 

The  latest  arriving  energy  of  each  mode  corresponds  with  the  Airy  phase.  Even  though 
the  Airy  phases  are  associated  with  a  concentration  of  energy,  they  are  not  visible  on  the 
seismograms  as  separate  arrivals,  as  suggested  for  example  by  Kovach  and  Anderson  (1964). 
Rather,  the  formation  of  the  different  multiples  is  a  consequence  of  a  more  complex  super¬ 
position  of  the  various  modes. 

Rays  -  In  a  simple  layer  over  halfspace  model  it  is  easy  to  calculate  all  the  ray  paths  from  the 
source  to  the  receiver,  as  well  as  the  traveltimes  and  amplitudes  of  each  ray.  The  amplitudes 
depend  on  the  radiation  pattern  of  the  source,  the  pathlength  of  the  ray  and  the  reflection 
coefficient  of  the  Moho.  Using  these  quantities  ray  synthetics  can  readily  be  computed.  An 
example  of  such  synthetics  are  shown  in  figures  2  and  3.  The  only  rays  that  contribute 
significantly  to  the  seismogram  are  the  super-critically  reflected  rays.  In  this  case  (epicentral 
distance  of  500  km)  there  are  twenty-one  super-critical  reflected  rays.  The  twenty-second 
multiple  has  an  amplitude  that  is  a  factor  of  0.7  x  10~4  smaller  than  the  twenty-first  multiple, 
due  to  leakage  of  energy  into  the  mantle.  All  super-critical  reflected  rays  are  clearly  visible 
as  separate  arrivals,  providing  a  simple  interpretation  of  the  seismogram  in  terms  of  rays. 
Because  the  reflection  coefficient  is  complex  the  multiples  have  different  phases.  It  should 
be  noted  that  head-wave  energy  is  not  modelled  with  this  method. 


Mode-Ray  duality  -  In  figure  2  the  mode  and  ray  seismograms  for  different  epicentral 
distances  are  presented.  The  overall  agreement  between  the  two  methods  is  very  good.  In 
figure  3  blow-ups  of  the  seismograms  for  an  epicentral  distance  of  five  hundred  kilometers 
are  given.  It  appears  that  there  are  two  major  differences:  the  first  difference  is  the  pres¬ 
ence  of  energy  in  the  mode  synthetic  between  the  multiples.  This  is  for  instance  visible  in 
figure  3c,  between  166s  and  168s,  and  between  169s  and  171s.  This  energy  is  not  present  in 
the  ray  synthetics.  The  second  difference  is  the  last  multiple.  This  multiple  is  not  present 
in  the  mode  summation.  Currently  we  believe  that  the  energy  in  between  the  multiples  is 
associated  with  (multiple)  head-waves.  Head-wave  and  multiple  head-wave  arrivals  are  not 
accounted  for.  The  second  discrepancy  can  be  explained  either  by  the  incompleteness  of  the 
mode  sum,  such  that  more  than  100  modes  need  to  be  taken  into  account,  or  by  the  failure 
of  ray  theory  for  rays  reflected  near  critical  angles. 

It  should  be  noted  that  in  more  complicated  layered  media  not  all  ray  arrivals  are  visible 
as  separate  arrivals,  thus  making  the  interpretation  of  the  seismogram  in  terms  of  rays  more 
complicated. 


Lg- waves  in  simple  heterogeneous  media 

As  a  next  step  we  study  the  behavior  of  Lg-waves  in  a  layer  over  a  halfspace  model  with 
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an  undulating  Moho.  Prom  a  modal  point  of  view,  in  the  high  frequency  approximation  the 
waveforms  should  be  identical  to  the  model  with  a  flat  Moho  and  a  crustal  thickness  equal 
to  the  average  crustal  thickness  between  source  and  receiver.  If  the  high  frequency  approxi¬ 
mation  is  not  made,  then  the  modes  couple  and  the  computation  of  synthetics  becomes  more 
difficult  (Maupin,  1990). 

Rays  -  FVom  a  ray  point  of  view  the  first  thing  to  do  is  one-point  ray  tracing.  The  situation 
is  sketched  in  figure  4.  The  Moho  is  described  by  a  given  function  /.  The  thickness  of  the 
crust  at  the  horizontal  coordinate  x  is  given  by  A-f /(x).  If,  after  n  reflections  the  horizontal 
coordinate  of  the  ray  is  xn  then  after  n  + 1  reflections  the  horizontal  coordinate  of  the  ray  is 
given  by 

*»+i  =  +  [h  +  /(V’n)]/  tan  6n+l  (1) 

where  rf)n+i  and  6„+i  are  given  by 

V'n  =  *«+  [A  4-  /(V'n)]/  tan  0n  (2) 

and 

0»+i  -  0n  -  2  arctan  /'(V’n)-  (3) 

Note  that  these  formulas  hold  if  xn  <  if>n  <  xn+1.  Similar  formulas  can  be  derived  if  xn, 
V»n  and  xn+1  are  permuted.  It  can  be  shown  that  (xn,  cos  8n)  are  canonically  conjugate  co¬ 
ordinates,  i.e.  the  one-point  ray  tracing  system  can  be  written  in  terms  of  a  Hamiltonian 
system. 

For  simplicity  we  took  a  simple  sinusoid  for  /,  with  a  wavelength  of  100  km  and  an  ampli¬ 
tude  of  0.1  km.  The  average  thickness  is  20  km,  the  same  as  used  in  the  layer  over  halfspace 
model.  Figure  5  shows  the  results  of  the  one-point  ray  tracing  for  SmS  through  7x  SmS.  For 
SmS  the  first  multipathing  occurs  for  epicentral  distances  of  400  km. 

For  epicentral  distances  of  800  km  and  larger  it  becomes  hard  to  do  two-point  ray  tracing 
for  SmS.  If  the  undulation  of  the  Moho  becomes  larger,  then  it  turns  out  that  it  is  hard  to 
do  any  two-point  ray  tracing,  and  in  fact  the  ray  behavior  is  chaotic. 

Graph-theoretical  Rays  -  Because  of  these  difficulties  with  two-point  ray  tracing  in  media 
with  curved  interfaces,  it  is  worthwhile  to  investigate  the  possibility  to  use  other  methods, 
such  as  graph  theory.  Graph  theory  enables  fast  calculation  of  raypaths  and  travel  times  in 
complicated  media,  avoiding  the  problems  mentioned  above,  and  makes  first  order  scattering 
computation  possible.  The  method  entails  approximating  ray  paths  with  shortest-time  paths 
between  nodes  in  a  grid  and  using  Dijkstra’s  algorithm  (Dijkstra,  1959)  to  search  over  all 
permissible  raypaths  between  a  source  and  a  receiver.  The  search  is  made  more  efficient, 
by  applying  a  sorting  algorithm  (Moser,  1991),  making  computation-time  proportional  to 
n  log  n,  where  n  is  the  number  of  nodes  in  the  model. 

The  method  finds  only  the  shortest-time  path;  ray  paths  representing  later  arrivals  can 
however  be  found  by  formulating  them  as  constrained  shortest  paths.  Scattered  ray-paths 
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can  be  found  by  requiring  the  rays  to  visit  a  set  of  nodes.  Moho  reflections  can  also  be  ob¬ 
tained  by  stacking  duplicates  of  the  crust,  the  number  of  duplicates  depending  on  the  number 
of  Moho  reflections  desired.  For  example,  to  obtain  ray  paths  and  travel  times  for  SmS  one 
duplicate  of  the  crust  is  required,  whereas  for  £x  SmS  a  quadruplicated  stack  is  needed.  For 
one  reflection  the  model  consists  of  three  interfaces:  surface,  Moho  and  surface.  The  source 
is  located  at  a  node  on  the  surface,  on  one  side  of  the  model  and  the  shortest-time  ray  paths 
are  found  to  the  nodes  on  the  other  surface,  requiring  the  paths  to  go  through  the  nodes 
on  the  intermediate  interface,  representing  the  Moho.  We  have  made  such  an  adaptation  of 
the  method,  to  obtain  first  arrivals  for  multiple  Moho  reflections  of  SH  waves.  Our  initial 
model  is  the  same  as  before.  The  nodes  are  1  km  apart  on  each  copy  of  the  Earth’s  surface 
and  the  Moho.  To  limit  the  ray  paths  to  Moho  reflections,  nodes  on  one  interface  are  only 
connected  to  nodes  on  the  next  one. 

Ray  paths  of  SmS  first-arrivals  in  this  model  are  shown  in  Figure  6.  As  distance  increases 
beyond  140  km,  the  bounce-points  of  the  first-arriving  rays  center  around  the  peaks  on  the 
Moho,  with  fewer  and  fewer  rays  leaving  the  source  ending  up  as  first  arrivals.  Thus  only 
a  fraction  of  the  energy  leaving  the  source  is  present  in  these  first  arrivals.  As  the  number 
of  Moho  multiples  increases,  even  less  of  the  source’s  energy  is  present  in  the  first  arrivals. 
Except  for  the  reflection  from  each  Moho  peak,  the  first  arrivals  in  this  model  are  not  geo¬ 
metric  rays,  as  the  reflection  angles  from  the  Moho  deviate  up  to  0.07  deg  from  Snell’s  law, 
but  rather  represent  diffracted  waves  from  the  peaks  on  the  undulating  Moho.  Travel-time 
deviations  from  those  of  a  flat  Moho,  are  extremely  small,  due  to  the  small  amplitude  of 
the  Moho  perturbation.  Therefore,  although  the  triplications  produced  by  the  sinusoidal 
Moho  are  not  obtained  with  this  method,  the  travel-time  curve  is  nearly  identical  to  the  one 
obtained  with  the  normal  ray  tracing  method. 

CONCLUSIONS  AND  RECOMMENDATIONS 

We  have  come  to  a  good  understanding  of  Lg-waves  from  both  a  mode  and  a  ray  point  of 
view  in  a  simple  layer  over  halfspace  model,  with  a  flat  discontinuity.  From  a  mode  point  of 
view  the  seismogram  consists  of  the  superposition  of  all  modes.  An  interpretation  in  terms  of 
Airy  phases  does  not  appear  to  be  useful.  From  a  ray  point  of  view  the  seismogram  consists 
of  all  crustal  multiples  that  are  critically  reflected.  The  agreement  between  the  seismograms 
obtained  using  these  two  methods  is  striking.  The  main  difference  is  that  head-waves  are 
not  modelled  by  the  ray  method  in  plane  layered  media. 

If  the  Moho  is  undulating  then  the  two-point  ray  tracing  becomes  much  more  complicated. 
It  is  nevertheless  possible  to  do  two-point  ray  tracing  as  long  as  neither  the  amplitude  of  the 
undulation  nor  the  epicentral  distance  are  too  large.  The  graph  theoretical  traveltime  results 
are  nearly  identical  to  those  obtained  with  normal  ray  theory,  thus  providing  a  promising 
application  of  graph  theory. 

Further  research  should  focus  on  the  calculation  of  seismograms  in  media  with  one  or  pos¬ 
sibly  more  curved  interfaces.  The  possibilities  and  limitations  of  classical  ray  theory  should 
be  investigated,  as  well  as  the  supplementary  role  that  graph  theory  can  play.  It  is  also 
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necessary  to  compute  seismograms  in  more  complicated  layered  media,  using  both  methods. 
As  a  next  step  P-SV  waves  need  to  be  considered. 
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Figure  1.  Mode-seismograms  using  (from  top  to  bottom)  10,  20,  40  and  100  modes, 
epicentral  distance  is  500  km. 
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Figure  4.  Geometry  of  layer  over  h&lfspace  model  with  undulating  discontinuity. 


Figure  5.  Epicentral  distance  as  a  function  of  take-off  angle  for  SmS  (bottom  curve)  through 
7 xSmS  (top  curve).  Also  plotted  are  the  background  values  for  a  crust  with  a  thickness  of  20  km. 


Figure  6.  Ray  paths  for  SmS  from  a  surface  source  in  a  20-km-thick  crust,  with  sinusoidally 
undulating  Moho  of  amplitude  0.1  km  and  period  60  km.  Vertical  exaggeration  xlO. 
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OBJECTIVES 

The  principal  objectives  of  the  many  strands  of  research  which  have  been  carried  out 
under  these  grants  are  the  exploitation  of  the  information  content  of  seismograms  at  re¬ 
gional  and  teleseismic  distances  in  order  to  improve  both  the  characterisation  of  events 
and  also  information  about  seismic  structure  on  regional  scales. 

The  aim  of  the  work  on  seismic  structure  in  three  dimensions  is  to  exploit  the  wave¬ 
forms  of  surface  waves  which  are  frequently  the  largest  features  in  the  seismogram  to 
delineate  the  main  characteristics  of  shear  wave  structure  in  the  lithosphere.  The  anal¬ 
ysis  is  carried  out  using  relatively  low  frequency  waves  but  the  available  resolution  is 
generally  limited  by  station  distribution.  Such  structural  information  should  be  valu¬ 
able  for  predicting  the  characteristics  of  wave  propagation  at  regional  to  far-regional 
distances.  The  major  area  of  study  is  the  Asian  continent  using  GSN,  GEOSCOPE,  CD- 
SN  and  other  broad-band  stations.  Theoretical  studies  are  being  undertaken  to  try  to 
extend  the  approach  to  higher  frequencies  where  more  complex  wave  propagation  fea¬ 
tures  have  to  be  included,  and  are  complemented  by  field  studies  in  Australia  using  a 
regularly  spaced  network  of  portable  broad-band  instruments.  Such  field  studies  are 
also  useful  in  establishing  how  it  would  be  possible  to  undertake  structural  studies  for 
regions  where  lithospheric  structure  is  unknown. 

The  major  aim  of  our  work  with  teleseismic  events  is  to  improve  the  characterisation 
of  seismic  sources  by  attempting  a  unified  determination  of  source  mechanism  and 
location.  If  the  location  of  an  event  is  well  known,  the  estimation  of  the  components 
of  the  seismic  moment  tensor  can  be  readily  accomplished.  However,  if  the  location 
is  poor,  the  correlation  of  phases  may  lead  to  misidentification  of  later  arrivals  with 
a  consequent  error  in  the  source  mechanism.  S  wave  information  can  be  exploited  us¬ 
ing  broad-band  records  but  the  optimum  procedures  for  comparison  of  observed  and 
theoretical  seismograms  are  not  clear  when  the  data  has  a  wide  range  of  frequencies. 

The  presence  of  three  dimensional  heterogeneity  within  the  Earth  on  a  wide  range 
of  scales  has  been  demonstrated  in  many  studies,  yet  nearly  all  location  procedures 
on  a  global  scale  use  one-dimensional  models.  In  the  context  of  nuclear  monitoring  it 
is  very  important  to  be  able  to  make  an  effective  combination  of  information  at  local 
and  regional  distances  with  teleseismic  results.  The  same  approach  is  also  necessary 
for  constructing  synthetic  seismograms  for  realistic  3-D  Earth  models.  It  is  possible  to 
exploit  techniques  from  computational  geometry  to  provide  a  representation  of  Earth 
structure  which  can  include  detail  where  needed  but  also  use  a  sparse  parametrisation 
where  velocities  are  slowly  changing. 

A  further  objective  has  been  to  characterise  the  influence  of  small  scale  heterogeneity 
within  the  Earth  on  the  nature  of  arrivals  at  different  frequencies.  Later  phases  on  a 
seismogram  are  normally  lower  frequency  and  are  picked  against  the  background  of 
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other  phases.  These  influences  need  to  be  taken  into  account  in  designing  improved 
location  algorithms. 


RESEARCH  ACCOMPLISHED 

The  following  sections  summarise  the  different  aspects  of  the  research  undertaken  and 
represents  contributions  from  a  number  of  members  of  the  Seismology'  group,  in  par¬ 
ticular,  Aiet  Zielhuis,  Oii  Gudmundsson,  Malcolm  Sambridge  and  Cheng  Tong. 

Structural  Studies 

The  major  emphasis  in  the  work  on  regional  seismic  structure  has  been  on  the  refine¬ 
ment  of  a  3-D  shear  wave  velocity  model  for  the  upper  mantle  below  Central  and  East 
Asia  by  assembling  and  processing  more  data.  The  number  of  propagation  paths  cross¬ 
ing  the  region  has  now  been  almost  doubled  since  last  year  to  a  total  of  210  seismograms 
recorded  at  the  regional  GSN,  GEOSCOPE,  and  CDSN  stations. 

The  waveforms  of  Rayleigh  waves  and  S  multiples  on  vertical  component  seismograms 
have  been  analysed  using  the  technique  of  partitioned  waveform  inversion  developed  by 
Nolet  (1990),  using  synthetic  seismograms  calculated  by  modal  summation.  Nonlinear 
optimisation  techniques  are  used  to  find  the  1-D  dimensional  velocity  structure  which 
provides  the  best  fit  to  an  individual  seismogram.  Such  a  1-D  structure  should  represent 
the  integral  of  the  shear  velocity  along  the  propagation  path.  After  assessing  the  errors 
in  the  path  integrals  for  a  particular  wavepath,  a  set  of  uncorrelated  linear  constraints 
on  the  velocity-depth  profile  of  the  wave  path  can  be  constructed.  The  final  3-D  model 
for  shear  velocity  is  obtained  from  the  inversion  of  the  linear  constraints  provided  by 
all  the  wave  paths,  with  a  low  weight  given  to  any  ignoring  constraints  with  large  errors. 

For  the  inversion  of  waveforms  from  each  seismogram  we  use  a  starting  model  with 
crustal  thickness  close  to  the  average  crustal  thickness  along  the  propagation  path.  If 
appropriate,  models  with  a  different  crustal  thickness  for  source  and  receiver  location 
are  used  to  calculate  the  excitation  of  the  modes.  The  average  crustal  thickness,  and 
thickness  at  source  and  receiver  location,  are  calculated  on  the  basis  of  the  digital  map 
of  crustal  thickness  by  Fielding  et  al.  (1993).  From  a  set  of  starting  models  with  crustal 
thickness  ranging  from  25  to  70  km,  increasing  in  steps  of  2.5  km,  models  that  best 
approximate  the  crustal  thickness  for  source,  path,  and  receiver  structure  are  chosen. 
The  large  variations  in  crustal  thickness  in  Central  Asia  limit  the  frequency  range  over 
which  the  assumptions  built  into  the  partitioned  waveform  inversion  are  valid.  So  that, 
depending  on  the  variations  along  the  path,  the  portion  of  the  seismogram  including 
the  fundamental  mode  is  low-passed  filtered  with  an  upper  limit  of  1 5-20  mHz  and  the 
S  body  wave  portion  is  low-pass  filtered  with  a  35-50  mHz  uuper  limit. 

Figure  1  shows  a  section  through  the  3-D  shear  wave  model  at  140  km  depth.  The 
Indian  craton  is  characterized  by  high  velocities  which  extend  below  the  southern  part  of 
the  Tibetan  Plateau.  High  velocities  are  also  present  below  the  Tarim  basin.  The  apparent 
northeast  trending  boundary  of  this  anomaly  is  not  resolved.  The  northern  part  of  the 
Tibetan  Plateau  has  lower  velocities  at  this  depth. 

The  partitioned  waveform  inversion  procedure  has  so  far  been  used  for  Rayleigh  waves 
on  the  vertical  component;  work  is  underway  on  assessing  the  application  of  this  proce¬ 
dure  to  horizontal  component  information  (both  Love  and  Rayleigh  waves).  The  primary 
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Preliminary  result:  Vs  anomalies  at  140  km  depth 


Figure  1.  Horizontal  section  through  Asian  3-D  shear  wave  model  at  140  km  depth,  with  a 
reference  velocity  of  4.5  km/s.  The  location  of  stations  are  indicated  by  triangles.  The  coastline 
and  the  4000m  topography  of  the  Tibetan  Plateau  are  outlined  in  black 

assumption  in  the  method  is  that  the  propagation  occurs  along  a  great  circle  path  but  in 
the  presence  of  complex  structure  polarisation  anomalies  can  be  significant  particularly 
at  high  frequency  and  it  remains  to  be  seen  whether  such  effects  cause  major  problems. 
The  influence  of  structural  changes  is  being  investigated  by  using  ray  tracing  for  surface 
waves  through  models  derived  from  a  priori  information. 

Research  is  also  being  conducted  into  the  representation  of  the  seismic  wavefield  in 
three-dimensional  structures  and  a  new  algorithm  has  been  devised  to  represent  the 
propagation  of  guided  wavetrains  which  includes  inter-mode  coupling  as  well  as  transfer 
between  different  plane  wave  components. 


Source  Inversion 

The  extraction  of  the  characteristics  of  a  seismic  source  from  a  limited  set  of  seismo¬ 
grams  requires  the  exploitation  of  as  much  of  the  information  on  each  seismogram  as 
possible.  In  particular  when  the  sampling  of  the  focal  sphere  by  P  waves  is  sparse  it  is 
important  to  use  as  much  S  wave  information  as  possible  (including  P  to  S  conversions) 
to  improve  the  definition  of  the  resulting  source  mechanism. 

Experimental  tests  with  a  small  array  of  portable  broadband  seismographs  near  Can- 
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berra  (in  a  tectonic  setting  similar  to  the  eastern  US)  have  shown  that  we  can  pick  up 
S  waves  above  the  microseismic  peak  for  distances  out  to  90°.  The  typical  frequency 
is  0.3-0.4  Hz  so  that  the  accuracy  of  onset  picking  is  not  large.  However  the  detection 
of  S  waves  for  a  distant  event  of  itself  provides  a  primary  discriminant  in  favour  of  an 
earthquake  source. 

For  larger  events  we  can  separate  the  determination  of  earthquake  location  from 
source  mechanism,  and  proceed  by  making  a  nonlinear  inversion  for  the  source  location 
and  then  a  linear  inversion  for  the  components  of  the  moment  tensor  description  of  the 
source.  The  linear  inversion  depends  on  the  comparison  of  observed  and  theoretical 
seismograms  for  portions  of  the  seismogram.  Such  an  approach  relies  on  the  alignment 
of  the  observed  and  theoretical  traces  so  that  the  identification  of  later  phases  is  correct. 

For  smaller  events  the  quality  of  location  estimates  is  not  as  good  and  so  there  needs 
to  be  a  close  integration  of  the  location  and  source  estimation  procedures.  Most  well 
established  source  mechanism  estimation  schemes  work  with  low-pass  filtered  data,  in 
order  to  achieve  stability  in  the  source  estimate.  Also  the  use  of  low-passed  data  avoids 
problems  in  the  comparison  of  seismograms.  When  higher  frequency  data  is  used  it  is 
possible  to  get  an  erroneous  measure  of  the  level  of  match  between  two  records  when 
there  is  a  time  shift  of  a  full  cycle  in  a  waveform.  In  order  to  assess  suitable  methods 
of  comparing  seismograms  we  have  used  recordings  of  the  same  event  at  broadband 
stations  150-300  km  apart  to  examine  the  influence  of  near  receiver  conditions  on  the 
caharcter  of  the  recorded  seismograms.  The  best  results  for  the  estimation  of  time 
shifts  between  the  two  records  have  been  achieved  by  using  Lp  norm  comparators  with 
p  around  1.5. 

Comparison  of  observed  and  synthetic  seismograms  will  give  satisfactory  results  if  the 
same  parts  of  the  seismogram  are  being  compared.  However,  if  the  location  estimate  is 
poor,  the  identification  of  later  seismic  phases  may  be  in  error.  If  these  misidentified 
phases  are  used  in  an  inversion  scheme  there  will  be  a  consequent  error  in  the  source 
mechanism  Since  the  timing  of  later  phases  can  also  be  of  advantage  in  improving  loca¬ 
tions,  there  will  need  to  be  a  recursive  process  in  which  the  location  is  first  determined 
using  the  largest  phases  which  are  then  used  in  a  preliminary  source  determination. 
The  theoretical  seismograms  for  this  presumed  mechanism  can  then  be  used  to  asso¬ 
ciate  other  later  phases  which  can  be  used  in  a  revised  location  procedure,  followed  by 
a  further  source  estimation  step. 


Location  Studies 

For  accurate  event  detection,  phase  identification  and  location,  all  available  informa¬ 
tion  about  local  and  regional  scale  earth  structure  should  be  taken  into  account.  This 
presents  the  problem  of  building  composite  two  and  three  dimensional  earth  models 
from  different  local  and  regional  seismic  models.  For  example  a  local  3-D  model  may 
be  appropriate  within  the  source  region  and  a  continental  or  oceanic  path  at  regional 
scales. 

A  major  difficulty  exists  in  combining  models  (or  travel  time  tables)  which  have  very 
different  length  scales  and  character.  A  local  source  region  model  will  have  wavespeed 
variations  over  very  short  length  scales  compared  to  regional  models.  In  addition  the 
path  between  source  and  receiver  may  be  affected  by  large  scale  features,  e.g.  major 
tectonic  boundaries,  or  subduction  zones.  At  present  the  only  completely  flexible  way 
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Figure  2.  Tessellation  of  an  a  priori  model  of  global  seismic  velocities 


to  handle  large  variations  in  scale  length  is  to  parameterize  the  entire  regional,  or  global, 
model  on  a  regular  grid  at  the  length  scale  of  smallest  feature.  This  involves  an  extremely 
large  regular  3-D  mesh  of  seismic  wavespeeds  (or  travel  time  table)  which  is  impractical 
over  regional  scale  source/receiver  separations,  even  with  modem  super-computers. 

A  powerful  and  flexible  mechanism  has  been  developed  for  solving  this  problem,  which 
takes  advantage  of  techniques  from  the  field  of  computational  geometry.  The  new  ap¬ 
proach  allows  one  to  build  arbitrarily  complex  seismic  structures  from  an  irregular 
distribution  of  velocity  mesh  points.  The  complete  freedom  allowed  in  choosing  the 
position  of  mesh  points  means  that  large  3-D  seismic  models  can  be  built  from  smaller 
composite  models  by  concentrating  mesh  points  in  the  places  where  they  are  need¬ 
ed,  i.e.  to  represent  short  scale  features.  The  irregular  distribution  of  mesh  points  are 
connected  using  a  unique  tessellation  method  known  as  ‘Delaunay  triangulation’  which 
produces  a  set  of  triangles  in  2-D,  or  tetrahedra  in  3-D.  The  tessellation  produced  in  this 
way  provides  an  excellent  basis  for  interpolation  when  combined  with  a  new  procedure 
known  as  ‘natural  neighbour  interpolation’.  The  result  is  an  approach  which  provides 
smooth,  accurate  and  efficient  interpolation  of  wavespeeds  (or  travel  times)  anywhere 
in  the  model. 

The  flexibility  of  the  method  is  demonstrated  in  figure  2.  An  irregular  set  of  grid 
points  has  been  chosen  over  the  surface  of  the  earth,  concentrated  in  regions  which  are 
expected  to  have  slower  than  average  seismic  velocities  between  depths  of  0-100  km. 
The  tessellation  produced  by  the  new  procedure  is  shown  (centered  on  the  Pacific)  and 
connects  each  grid  point  to  its  set  of  nearest  neighbours  on  the  sphere.  The  large  range  in 
|  density  of  grid  points  results  in  a  set  of  triangles  whose  size  varies  considerably  across 
the  surface  (The  average  length  of  a  triangle  edge  varies  by  two  orders  of  magnitude  in 
this  case).  The  important  feature  of  the  tessellation  is  that  the  triangles  are  as  least  ‘long 
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and  thin’  as  possible  which  is  the  best  shape  for  accurate  interpolation  of  the  seismic 
wavespeeds  specified  at  the  vertices.  The  efficiency  of  the  method  means  that  fully  3- 
D  models  can  be  easily  handled  as  well  as  much  greater  range  of  length  scales  than 
shown  here.  For  example  one  could  just  as  easily  incorporate  a  small  (20  km  spacing) 
detailed  model  within  the  global  mesh  to  represent  source  or  receiver  structure  without 
changing  the  long  scale  features  in  the  model. 

The  new  approach  represents  an  extremely  versatile  and  efficient  means  of  parameter¬ 
izing  and  interpolating  3-D  models  from  irregularly  distributed  mesh  points.  In  addition 
to  building  seismic  models  for  event  location  it  seems  likely  that  it  would  have  also  ap¬ 
plications  in  other  areas  where  complex  two  and  three  dimensional  geophysical  models 
are  used,  e.g.  numerical  modelling  of  tectonic  processes  using  finite  element  methods, 
and  Seismic  Tomography  for  large  scale  earth  structure. 


Influence  of  Heterogeneity 

When  a  wavefront  passes  through  heterogeneous  structure  it  acquires  significant  com¬ 
plexity.  In  particular,  perturbations  in  phase  which  record  the  local  variations  in  wave 
speed  are  introduced.  Thus  the  wavefront  registers  information  about  heterogeneous 
structure  which  may  be  remotely  recorded  and  subsequently  inverted  for  a  heteroge¬ 
neous  model.  However,  as  the  perturbed  wavefront  advances  to  a  remote  recorder  its 
complexity  evolves.  Advanced  portions  of  the  wavefront  expand  in  space  and  mask  to 
some  degree  the  delayed  portions  by  a  process  often  referred  to  as  wavefront  healing. 
Inherent  in  this  process  is  a  loss  of  phase  information  which  is  frequency  dependent. 
Wavefront  healing  is  essentially  a  geometrical  diffraction  effect  and  simple  geometrical 
arguments  or  mathematical  analysis  lead  one  to  estimate  its  importance  by  the  first  Fres¬ 
nel  zone  of  constructive  interference.  That  involves,  however,  an  essentially  qualitative 
or  order-of-magnitude  argument. 

In  an  attempt  to  quantify  the  effect  of  wavefront  healing  on  the  measurement  of  trav¬ 
eltime  we  have  performed  a  sequence  of  synthetic  experiments.  We  start  with  a  simple 
plane  wave.  Complexity  is  introduced  to  the  plane  wave  by  the  thin-lens  approximation 
as  it  passes  through  an  imaginary  lens  of  heterogeneity.  We  then  follow  the  evolution  of 
the  introduced  complexity  as  the  perturbed  wavefield  advances  through  a  homogeneous 
medium  using  frequency-wavenumber  migration.  Having  propagated  the  wavefield  a  giv¬ 
en  distance  we  measure  the  traveltime  from  densely  spaced  seismograms  is  subjected 
to  filtering  and  compare  the  detailed  spatial  variation  of  traveltime  to  the  initial  phase 
perturbations.  Of  course,  if  we  measured  the  full  wavefield  we  could  in  theory  migrate 
it  back  to  the  initial  condition  and  thus  recover  all  of  its  detail.  Instead,  in  earthquake 
seismology  we  generally  have  sparse  recordings  of  the  wavefield  and  extract  only  a  very 
simple  measure  from  the  seismogram,  namely  traveltime.  And  this  simple  measure  does 
not  allow  us  to  recover  all  the  detail  of  the  initial  condition. 

Wavefront  healing  imposes  a  low-pass  spatial  filter  on  the  resolution  power  of  trav¬ 
eltime  measurements.  The  shape  of  this  filter  is  roughly  described  by  a  second  ordei 
Butterworth  function  and  therefore  has  a  sharp  cutoff  in  wavenumber  or  scale.  The 
variation  of  the  width  of  the  spatial  filter  with  propagation  distance  and  frequency  is 
described  by  the  Fresnel  zone.  This  holds  for  measurements  of  traveltime  by  a  picking 
procedure  or  by  correlation. 
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The  Exploitation  of  Regional  and  Teleseismic  Waveforms  7 

CONCLUSIONS  AND  RECOMMENDATIONS 

Seismograms  contain  a  rich  amount  of  information  about  the  nature  of  the  seismic 
source  and  the  propagation  path  between  source  and  receiver.  However,  being  able  to 
exploit  this  information  to  best  advantage  still  presents  a  variety  of  problems. 

The  characteristics  of  wave  propagation  cam  be  simplified  by  working  at  relatively  low 
frequencies  but  at  the  expense  of  potential  resolution  in  the  nature  of  structure.  The 
use  of  low  passed  seismograms  can  stabilise  the  estimates  of  source  mechanisms  for 
events  but  also  increases  the  level  of  interference  between  the  main  arrivals  and  any 
depth  phases  The  most  promising  approach  is  to  try  to  combine  procedures  based  on 
the  phase  information  of  high  frequency  records  with  the  waveform  analysis  suitable 
for  lower  frequencies.  This  can  be  achieved  by  suitable  use  of  broad  band  data  systems 
with  adequate  high-frequency  response  e.g.  Guralp  CMG3,  Streckeisen  STS-2. 

The  extension  of  source  inversion  procedures  to  smaller  events  requires  the  adap¬ 
tation  of  current  approaches  to  higher  frequency  and  noisier  data.  For  such  data  it  is 
important  to  combine  the  processes  of  location  and  source  mechanism  determination 
so  that  errors  in  location  do  not  result  in  mis-identification  of  later  phases  with  the 
introduction  of  error  in  the  source  estimates. 

For  improved  event  location  using  a  limited  set  of  global  stations  it  is  desirable  to  have 
as  effective  a  ID  dimensional  model  as  possible  for  the  construction  of  initial  locations. 
A  update  of  the  iasp91  model  is  currently  being  tested  which  provides  improved  fits  to 
the  times  of  core  phases,  which  are  particularly  important  for  coverage  of  some  oceanic 
areas.  For  suspect  events,  the  final  location  should  then  be  determined  using  a  3-D  model 
and  the  tools  which  we  are  developing  for  building  variable  resolution  with  a  flexible 
parametrisation  should  enable  the  use  of  nonlinear  location  procedures  for  realistic  3-D 
models. 

Current  methods  for  extracting  medium  scale  variations  in  seismic  structure  across  a 
region  based  on  the  analysis  of  seismic  surface  waves  work  very  well  for  lower  f  requen¬ 
cy  waves.  In  association  with  a  carefully  designed  configuration  of  portable  instruments 
it  is  possible  to  get  the  major  features  of  the  structure  of  a  region  of  1000x1000  km 
with  about  a  year  of  recording  and  a  similar  time  period  for  analysis.  A  prerequisite  for 
improvements  in  such  classes  of  analysis  techniques  for  seismograms  is  improved  mod¬ 
elling  of  the  interactions  of  seismic  waves  with  tiiree-dimensional  structures.  Progress 
has  been  made  with  the  representation  of  the  surface  wavetrain  but  a  full  solution  will 
be  computationally  intensive. 
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OBJECTIVES 

The  seismographic  station  Borovoye  (BRVK)  in  Kazakhstan  provides  high-quality  digital  data 
due  to  its  low  noise  environment.  In  light  of  the  availability  of  this  unique  data,  our  objective  has 
been  to  determine  accurately  the  instrument  responses  and  to  analyze  regional  as  well  as  teleseismic 
waveform  data  recorded  at  BRVK  for  determining  geophysical  properties  in  the  crust  and  upper 
mantle  under  Central  Asia. 

We  have  also  used  BRVK  data,  plus  analog  data  from  many  other  seismic  stations  in  Central 
Asia,  to  improve  the  documentation  of  nuclear  and  chemical  explosions  at  the  Semipalatinsk, 
Kazakhstan  test  site. 


RESEARCH  ACCOMPLISHED 

We  have  carried  out  three  projects: 

•  a  method  is  developed  to  determine  the  response  ce  digital  seismographs  from  their  transient 

calibration  pulses  when  there  is  no  recourse  to  direct  measurements; 

•  an  application  of  the  method,  for  accurate  determination  of  instrument  responses  for  BRVK 

STsR-TSG  seismographs  by  inversion  of  the  transient  calibration  pulse  and  available 
frequency-amplitude  response  information; 

•  a  major  survey  of  regional  seismic  data  for  explosions  at  the  Semipalatinsk  test  site,  that  has 

documented  the  occurrence  of  eighteen  small  nuclear  explosions  (since  confirmed),  not 
previously  described  in  the  open  literature. 

Determination  of  the  Response  of  Digital  Seismographs  at  Borovoye,  Kazakhstan 
by  Inversion  of  Transient  Calibration  Pulse  Shapes 

A  method  is  developed  to  determine  the  response  of  digital  seismographs  from  their  transient 
calibration  pulses  when  there  is  no  recourse  to  direct  measurements.  Based  on  linear  system 
theory  for  small  input  signal,  the  digital  seismograph  is  represented  by  a  set  of  first-  and  higher- 
order  linear  filters  characterized  by  their  cutoff  frequency  and  damping  constant.  The  transient 
calibration  pulse  is  parameterized  by  a  set  of  instrument  constants,  and  the  problem  is  linearized  for 
small  perturbation  with  respect  to  their  nominal  values.  The  calibration  pulse  shape  is  iteratively 
inverted  in  the  time  domain  using  a  linearized,  generalized  inverse  technique. 

The  method  is  used  to  determine  instrument  responses  of  the  digital  seismographs  at 
Borovoye  (BRVK)  in  Kazakhstan  as  well  as  a  digital  seismograph  at  Kislovodsk  (KIV)  in 
Northern  Caucasus,  Russia.  The  results  of  the  calibration  pulse  shape  inversion  for  these 
seismographs  indicates  that  the  method  is  efficient  and  the  results  are  reliable  even  when 
microseismic  noise  is  present  in  the  recorded  transient  calibration  pulse.  Because  the  calibration 
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pulse  generated  by  the  input  step  acceleration  signal  emphasizes  the  lower  frequencies  due  to 
(itu)'3  scaling  of  the  impulse  response,  the  reliability  of  the  solution  at  high  frequencies  is  limited 
at  the  frequency  where  the  spectral  amplitude  drops  to  approximately  one  part  in  one  thousand 
from  its  peak  value.  The  iterative  inversion  proceeds  as:  1 )  recorded  and  synthetic  calibration 
pulses  are  aligned  in  time  and  baseline  adjusted;  2)  kernels  for  the  inversion  is  formed;  3) 
parameter  correction  is  found  from  inversion;  4)  parameter  is  updated  and  the  iteration  continues 
until  it  converges. 

Application  of  the  Method,  for  Accurate  Determination  of  Instrument  Responses 

Calibration  Pulse  Shape  Inversion  for  STsR-TSG  system'.  We  analyze  the  responses  of  the 
various  seismographs  of  STsR-TSG  system  (also  called  TSG).  The  TSG  system  is  one  of  the 
better  system  operated  at  BRVK  and  it  has  been  in  operation  since  Feb.  1973  (see  Table  1;  and 
Richards  et  al.,  1992).  Nominal  instrument  constants  of  these  seismographs  were  obtained  from: 

1)  seismometer  free  period,  damping  and  digital  sensitivity  (in  count/p)  given  in  Adushkin  &  An 
(1990); 

2)  frequency-amplitude  calibration  tables  of  the  TSG  system  available  at  the  Borovoye 
Observatory. 

Although  it  was  reported  that  the  TSG  system  is  carefully  calibrated  every  year,  only 
information  on  the  amplitude  responses  and  overall  gains  and  no  phase  information  were  available 
to  us.  On  a  more  routine  basis,  transient  calibration  pulses  are  generated  and  recorded  to  check  the 
overall  digital  sensitivity  of  the  system.  We  obtained  digital  recordings  of  such  calibration  pulses 
from  all  seismometers  of  the  TSG  system.  The  calibration  pulses  were  recorded  on  Feb.  8,  1988 
(15:00).  These  calibration  pulses  are  generated  by  feeding  a  boxcar  calibrating  signal  with  duration 
of  8  msec  (two  Heaviside  steps)  into  the  seismometer  damping  coils.  The  recorded  calibration 
pulse  corresponds  to  the  seismograph  response  to  an  impulse  in  ground  acceleration.  The 
recorded  calibration  pulse  is  equivalent  to  the  multiplication  of  the  system  transfer  function  for 
ground  displacement  by  (ico)'2  (see  e.g.,  Herrmann,  1977). 


Table  1.  Characteristics  of  the  STsR-TSG  Seismic  System  at  Borovoye  Station. 


Seismometer 

Data  channel 

T  (a) 

*s 

(s) 

Ss(b) 

Gain 

(count/p) 

f  (c) 

*n 

(Hz) 

d.<d> 

(msec) 

Channel 

number 

KS 

1.5 

0.7 

4500 

1.5 

26 

7,  8,9 

DS 

20.0 

0.5 

50 

0.1 

312 

19,  20,  21 

KSM 

High-gain 

1.5 

0.35 

100000 

1.0 

26 

10,  11,  12 

Low-gain 

1000 

26 

3,  4,5 

DSM 

High-gain 

28.0 

0.5 

1000 

0.07 

312 

22,  23,  24 

Low-gain 

10 

312 

15,  16,  17 

KSVM 

High-gain  (Z) 

1.5 

0.35 

4600 

1.0 

26 

2 

Low-gain  (Z) 

50 

26 

1 

(a)  Ts  =  Seismometer  natural  period, 

(b)  4s  =  Seismometer  damping  constant, 

(c)  fn  =  normalization  frequency  where  the  nominal  gain  is  measured, 

(d)  dt  =  Sampling  interval. 
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We  parameterized  the  responses  of  all  seismometers  (channels)  of  the  TSG  system  in  terms  of 
cutoff  frequencies  and  damping  constants  of  a  set  of  linear  first-  and  second-order  filters.  The 
transfer  functions  of  each  seismograph  obtained  from  the  inversion  are  represented  by  complex 
poles  and  zeros  in  the  complex  j-plane. 

TSG-KSM  Seismograph:  For  example,  the  short-period  KSM  seismograph  consists  of: 

1)  seismometer  with  natural  period,  Ts  =  1.5  s  and  damping  =  0.35  (Adushkin  &  An,  1990); 

2)  second-order  high-pass  filter  with  cutoff  frequency,  <H2-0  .65  Hz  and  damping,  £h2  ~  0.7 1 , 

3)  third-order  Butterworth  low-pass  filter  with  cutoff  frequency,  fu  =  8  Hz. 

Calibration  pulses  recorded  on  the  3-component,  short-period  KSM  seismograph  are  plotted 
in  Figure  1 .  The  calibration  pulses  of  both  horizontal  components  are  similar  to  each  other,  but  the 
vertical-component  pulse  is  slightly  different.  The  recorded  calibration  pulse  is  inverted  for  the  six 
instrument  constants:  Ts,  £s,  fH2,  £h2>  fL2-  K-  A  stable  solution  is  obtained  after  three  iterations. 
In  each  iteration,  we  perturbed  the  initial  values  by  about  5  %.  The  instrument  constants  obtained 
from  the  best  fit  waveform  inversion  are  given  in  Table  2  and  comparisons  between  the  vertical- 
component,  recorded  and  synthetic  calibration  pulses  are  shown  in  Figure  1.  The  final  solution 
shows  that  instrument  constants  of  all  three  components  have  similar  values  with  relatively  small 
deviations  from  the  nominal  values. 

The  spectral  amplitude  responses  of  all  vertical-component  channels  of  the  TSG  system  at 
BRVK  determined  in  this  study  are  plotted  in  Figure  2.  The  amplitude  responses  obtained  from 
the  calibration  pulses  are  compared  with  the  frequency-amplitude  responses  given  in  response  table 
which  were  determined  independently  at  BRVK.  Overall  good  agreements  between  the  two 
independent  measurements  over  a  wide  frequency  band  indicate  that  the  instrument  calibration  of 
various  seismographs  at  BRVK  station  appear  to  be  stable. 

However,  the  instrument  responses  of  some  3-component  channels  suggest  significant 
departures  of  seismometer  constants  from  their  nominal  values.  Among  the  five  seismographs  of 
the  TSG  system,  the  basic  3-component,  short-period  KS  and  long-period  DS  seismographs  show 
significant  differences  among  their  three  components.  The  vertical  components  differ  from  the  two 
horizontal  components,  more  than  between  the  two  horizontals.  The  recorded  calibration  pulses  of 
the  short-period  KSM  and  corresponding  long-period  DSM  seismographs  are  best  resolved  for 
their  instrument  constants. 


212 


Table  2.  TSG-KSM  3-component  instrument  constants  from  inversion 


Seismometer 

High  pass 

Low  pass 

rms  fit 

Ts 

4s 

fH2 

4h2 

fL2 

(sec) 

(Hz) 

(Hz) 

Nominal 

1.500 

0.350 

0.650 

0.707 

8.00 

34.521 

Z 

1.481  (-1.4%) 

0.332  (-5.4%) 

0.630 

1.042 

8.13 

1.249 

NS 

1.515  (+1.0%) 

0.345  (-1.4%) 

0.636 

1.049 

8.47 

1.781 

EW 

1.520  (+1.3%) 

0.349  (-0.3%) 

0.644 

1.034 

8.77 

2.365 

KSM 
Z  =  815 
N  =  809 
E  =  837 


KSM  Z 
obs=81 5 
synt=815 
diff  =4.25 


0  1  2  3  4  5 

time  (sec) 


Fig.  1.  ( upper  traces )  A  comparison  among  the  calibration  pulses  recorded  by  the  3-conr  o>ent, 
short-period  KSM  seismograph.  There  are  slight  differences  in  the  three  traces  indicting 
deviations  of  instrument  constants  among  the  three  components.  ( lower  traces )  A  comparison 
between  the  vertical-component,  recorded  ( thick  trace)  and  synthetic  calibration  pulses  after  the 
waveform  inversion  (thin  trace).  Synthetic  pulse  calculated  with  the  final  instrument  constants  is 
plotted  with  small  vertical  offset  to  show  the  overall  fit.  Recorded-synthetic  trace  is  plotted 
(i dotted  trace). 


STsR-TSG  System 


100000 


SSR7.Ci 


\m 

rani 


imu 

■HU 


■SSSZb 

BSmSI 

■■uuiii 

liHHOI 


mihhiHI 

»33SS3ST  SSSISSfZ 


lam 


Hi mil 


III! 


-4 — M-H-H+- 

-4 — I  i-l  it- 4. 
i  Mini 


IMlli 

■•5'  »•  i\*£e5£23aS 


IP 


Lilli! 

i  i 

i  i 

llll 

in  i 

4W - 4— f-f- 

w — f — H- 


KS5: 


ssb m 


i  t  1 1  mu 

i  i  i  i  n  ii 


SSi 


. £ 

f 
r 
Hi- 
ill 

rtr 

i  ji 

Ml 


Frequency  (Hz) 

Fig.  2.  A  summary  figure  showing  spectral  amplitude  responses  of  the  all  vertical-component 
seismographs  of  the  TSG  system.  In  each  seismograph,  frequency-amplitude  responses  given  in 
the  log  book  at  BRVK  ( circles )  and  the  amplitude  responses  obtained  after  the  calibration  pulse 
shape  inversion  (solid  lines )  are  plotted  together  for  comparison. 
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A  Study  of  Small  Explosions  and  Earthquakes  during  1961  -  89 
near  the  Semipalatinsk  test  site,  Kazakhstan 


A  lengthy  technical  report  (Khalturin,  Rautian,  and  Richards;  1994)  was  completed  in  Spring 
1994  and  is  available  from  the  authors.  It  reviewed  the  then  available  open  literature  on  locations, 
origin  times  and  magnitudes  for  Semipalatinsk  explosions.  It  documented  the  occurrence  of  a 
number  of  additional  small  nuclear  explosions,  and  chemical  explosions  and  one  earthquake,  not 
previous  known  from  open  publications  on  this  test  site. 

In  June  1994,  a  Russian  paper  (Gorin  et  al,  1993)  became  available  in  the  west,  giving  an 
apparently  complete  chronology  of  348  underground  nuclear  explosions  (UNEs)  at  Semipalatinsk. 
This  paper  confirmed  18  of  the  small  nuclear  explosions  we  had  documented  in  early  1994,  and 
permits  an  evaluation  as  follows: 


Openly  known  prior  to  1994  Degelen  158 

Balapan  100 

Murzhik  23 

Additional  from  our  1994  report  18 

299 


Therefore  the  number  of  "new"  events  from  the  348  UNEs  listed  by  Gorin  et  al  (1993)  is 

348  -  299  =  49  events. 

Of  these  49  we  have  since  learned  of  (teleseismic)  detections  (NORSAR  or  Hagfors)  for  3 
events;  and  19  events  were  included  in  multiple  shots  where  the  other  shot  is  known.  There 
remain  27  events  that  (as  of  July  21)  are  unexplained  in  our  project. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  calibration  pulse  shape  inversion  method  is  efficient  in  determining  instrument  constants 
even  when  there  is  substantial  microseismic  noise  present  in  the  calibration  pulse.  The  reliability  of 
the  solution  at  high  frequencies  appears  to  be  limited  up  to  the  frequency  where  the  spectral 
amplitude  drops  to  a  factor  of  one  thousand  smaller  than  the  peak  amplitude.  The  calibration  pulse 
generated  by  the  input  step  acceleration  signal  emphasizes  the  low  frequency  content  due  to  (ico)'^ 
scaling  to  the  transfer  function. 

In  this  study,  a  lack  of  detailed  knowledge  on  the  input  calibrating  signal  prevents 
determination  of  the  absolute  instrument  sensitivity.  The  transient  calibration  technique  which  can 
provide  accurate  starting  time  and  amplitude  of  the  input  calibrating  signal  would  be  very  useful  for 
determining  the  overall  sensitivity  and  phase  response. 

The  broadband  nature  of  BRVK  digital  records  provides  an  opportunity  to  examine  seismic 
velocities  and  discontinuities  in  the  upper  mantle  beneath  Central  Asia. 

The  new  information  on  Semipalatinsk  events  can  be  used  for  special  studies  of  multiple 
events,  and  for  discrimination  research. 
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Objective 

Regional  broadband  data  from  the  1988  Soviet  JVE  explosion  show  dramatic 
excitation  of  high  frequency  SH  waves.  Generally  ascribed  to  "tectonic  release",  the 
source  of  high  frequency  shear  waves  from  underground  nuclear  explosions  remains  an 
enigma  since  cavity  relaxation  models  generally  have  relatively  little  shear  wave 
excitation  at  high  frequency.  The  primary  objective  of  this  research  is  to  determine 
sources  of  shear  wave  radiation  operating  in  the  explosion  and  to  evaluate  how  such 
sources  of  high  frequency  shear  waves  impact  event  discrimination.  Secondary 
objectives  include  understanding  the  nature  of  crustal  wave  propagation  in  Kazakhstan, 
particularly  understanding  the  excitation  and  waveshape  of  Pn,  Pg,  Sn„  Sg,  Rayleigh 
and  Love  waves  and  the  influence  of  the  explosion  and  tectonic  release  source  functions 
on  these  phases. 


Introduction 


Extensive  synthetic  seismogram  computations  and  data  analyses  were  performed 
to  understand,  in  a  complete  sense,  the  nature  of  regional  waveforms  recorded  by  the 
NRDC  instrument  deployment  for  the  1988  Soviet  JVE  underground  nuclear  test.  The 
approach  used  in  this  research  was  simple  and,  perhaps,  naive.  Regional  phases  are 
studied  empirically  by  many  seismologists  but  understanding  of  their  exact  path  and 
interaction  with  crustal  structure  is  usually  vague.  I  have  assumed  that  the  various 
phases  and  waves  seen  in  the  data  can  be  understood  and  modeled  in  terms  of 
reasonably  simple  plane-layered  earth  structure  models  in  conjunction  with  kinematic 
point  source  models.  Such  a  direct  approach  can  be  very  naive  in  relying  implicitely  on 
such  simple  ID  structure,  particularly  when  lateral  heterogeneity  and  wave  scattering 
effects  can  be  seen  in  the  data  in  some  frequency  bands.  However,  a  complete 
understanding  of  the  excitation  and  propagation  of  regional  phases  is  required  to 
understand  empirical  source  discrimination  techniques  or  to  develop  new 
discrimination  techniques. 
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NRDC  Broadband  Data 


The  NRDC  deployment  of  seismic  stations  in  Kazakhstan  in  1988  to  record  the 
Soviet  JVE  explosion  collected  a  unique  set  of  seismic  signatures  written  by  an 
underground  nuclear  test  (Priestley  et  al  1990).  Stations  Karkaralinsk  (KKL)  and 
Bayanual  (BAY)  were  both  situated  at  255  km  from  the  shot  point  and  recorded 
spectacular  near-regional  waveforms.  As  Figure  1  shows,  the  displacement  data  appear 
to  be  relatively  simple  showing  very  simple  regional  P  and  S  phases  and  a  well- 
dispersed  Rayleigh  wave.  Tangential  motions  are  particularly  interesting  showing  a 
high-amplitude  SH  pulse,  particularly  at  BAY.  The  Soviet  JVE  explosion  is  not 
considered  to  have  a  significantly  large  tectonic  release  component  at  long  periods 
(Sykes  and  Ekstrom,  1989)  yet  these  short-period  regional  data  show  that  SH  waves 
were  excited  quite  efficiently  from  the  source.  Walter  and  Pattern  (1990)  attempted  to 
use  these  shear  waves  to  estimate  the  orientation  of  tectonic  release  from  the  explosion 
using  general  observed  amplitudes  and  wavenumber  synthetic  seismograms  but  found 
the  result  to  be  non-unique.  In  this  study,  I  use  details  of  the  data  along  with  the  known 
behavior  of  wave  propagation  in  plane  layered  media  to  constrain  source  models.  The 
data  were  corrected  for  instrument  response  and  absolute  time  was  calibrated  using 
satellite  clock  times  recorded  by  the  University  of  Wisconsin  at  both  sites. 

A  close  look  at  the  body  wave  phases  (Figure  2)  shows  that  the  P  waveforms  are 
simple  and  consistent  between  stations.  The  mantle  head  wave  (or  tinning  wave)  Pn 
has  separated  from  the  Moho  reflection,  PmP  by  about  1  to  2  seconds.  Because  absolute 
time  is  available,  it  is  clear  that  velocity  structure  to  BAY  is  just  slightly  faster  than  that 
along  the  KKL  path.  Pn  has  moved  out  about  a  half  second  more  at  BAY  compared  to 
KKL  but  PmP  at  BAY  is  just  a  small  fraction  of  second  earlier  than  PmP  at  KKL.  The 
shear  waves  are  interesting  and  show  clear  source  radiation  pattern  effects.  Based  on 
the  close  similarity  of  P  phases  between  the  stations,  we  can  expect  the  S  wave  phases  to 
arrive  a  nearly  die  same  times  also,  with  BAY  arrivals  coming  in  slightly  earlier. 
However,  vertical  S  and  tangential  S  at  BAY  is  much  larger  later  in  the  waveform 
compared  to  KKL  S  waves.  A  long-period  bandpass  filtered  record  clearly  shows  Sn 
and  SmS  phases  occur  at  about  the  same  time  at  both  stations  (Figure  3).  Yet  the  large 
amplitude  S  phase  (denoted  as  SmS')  occurs  1  to  2  seconds  after  expected  SmS. 
Moreover,  the  long-period  bandpass  shows  that  BAY  tangential  S  is  actually  smaller 
than  that  at  KKL,  just  the  opposite  as  seen  at  higher  frequency.  Progressively  higher 
frequency  bandpass  filters  show  that  this  secondary  SH  phase  becomes  quite  distinct  at 
both  stations.  Although  first  arriving  SmS  at  BAY  is  slightly  advanced  because  of  faster 
crustal  velocity,  the  large  secondary  phase  arrives  simultaneously  at  both  stations. 
Furthermore,  there  is  a  clear  polarity  change  between  BAY  and  KKL  for  this  phase  even 
at  4Hz!  The  polarity  change  and  change  in  relative  amplitudes  between  stations 
strongly  suggests  a  fault  model.  The  reduction  in  amplitude  of  this  phase  at  long- 
period  further  suggests  that  the  net  moment  on  the  fault  must  be  small  and  that 
dislocation  movement  was  highly  oscillatory. 

These  straightforward  observations  strongly  suggest  that  there  are  two  source  of 
shear  wave  radiation  from  the  JVE  source.  The  first  source  is  one  directly  related  to 
processes  going  on  at  the  shot  point.  Sn  and  Sg  at  long-period  come  in  as  expected  with 
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slight  time  shifts  between  stations  due  to  differing  velocity  structures.  These  S  waves 
are  inferred  to  be  exdted  by  stress  relaxation  around  the  explosion  cavity.  The  later 
arriving  high-frequency  SmS'  phase,  on  the  other  hand,  must  be  excited  by  a  source  1  to 
a  few  km  south  of  the  JVE  source  because  of  near-simultaneous  arrival  times  at  both 
stations.  Since  the  path  to  BAY  is  slightly  faster,  the  high-frequency  S  wave  source  must 
be  slightly  farther  from  BAY  compared  to  KKL.  Assuming  that  initial  SmS  comes  from 
the  explosion,  bounds  can  placed  on  location  of  the  secondary  source  and  these  are 
shown  in  Figure  4.  Figure  4  was  constructed  assuming  that  the  high  frequency  S  phase 
is  SmS  and  that  it  has  a  relative  time  delay  at  BAY  of  0.35  sec  which  is  enough  to 
counter  the  0.35  sec  time  advance  of  SmS  travel  time  due  to  velocity  structure.  Circles 
on  Figure  4  denote  the  distance  from  the  JVE  that  P  waves  and  Rayleigh  waves  from  the 
explosion  can  travel  in  one  second,  the  approximate  relative  time  shift  from  first  SmS 
and  SmS'.  It  is  interesting  to  note  that  the  inferred  secondary  source  falls  near  where 
the  expected  Rayleigh  wavefront  would  be  about  1  second  after  the  initial  explosion.  I 
propose  that  the  strong-motion  Rayleigh  wave  induced  oscillatory  motion  on  a  fault  in 
this  location. 

Synthetic  Seismograms 

The  data  directly  speak  to  the  nature  of  the  JVE  source(s),  but  can  the  waveforms  be  fit 
by  this  kind  of  source  model?  The  key  to  understanding  the  S  waveforms  lies  in  the 
simplicity  of  the  P  waveforms.  Figure  5  shows  two  synthetic  seismogram  calculations 
for  P  and  SH  waves.  These  models  are  taken  from  a  suite  of  trial-and-error  model 
calculations  in  an  attempt  to  model  the  high  frequency  S  wave  arrival  as  purely  being 
due  to  crustal  structure.  The  principal  observation  made  in  these  computations  was 
that  any  reasonable  structure  (a  structure  with  reasonable  Poisson  ratios)  that  stretched 
out  the  duration  of  the  SH  wave  also  stretched  out  the  duration  of  the  P  waveform. 
Separate  crustal  phases  from  the  Moho  and  lower  crust  seen  in  the  SH  waveform  also 
were  produced  in  the  P  waveform.  Clearly,  the  P  waveform  data  at  both  stations  show 
very  compact  PmP  and  lower  crust  P  arrivals  (Figure  2).  This,  in  conjunction  with  the 
observed  high-frequency  SH  polarity  change,  frequency  dependence,  and  timing, 
strongly  suggests  that  crustal  structure  effects  are  not  the  source  of  the  secondary  SH 
waves. 

Figure  6  shows  a  fault  model  which  can  explain  the  observed  SH  waveforms. 
The  vertical  strike-slip  Green's  function  representing  the  stress  relaxation  part  of  the  JVE 
source  is  summed  with  an  oscillating  vertical  strike-slip  source  with  a  polarity  change. 
Clearly,  with  only  two  stations,  determining  the  orientation  of  the  relaxation  part  of  the 
tectonic  release  and  the  explosion-driven  fault  motions  of  the  secondary  source  is  a  non¬ 
unique  problem.  However,  the  synthetics  show  that  is  quite  straightforward  to  match 
the  main  features  of  the  SH  waveforms  with  this  kind  of  model. 

Knowledge  of  the  crustal  structure  effect  allows  a  detailed  look  at  the  explosion 
source  itself  through  simple  observation  and  modeling  of  the  P  waveforms.  The  filtered 
P  waveform  data  are  remarkably  simple  in  character  (Figure  1).  Indeed,  this  simplicity 
is  extremely  useful  in  observing  the  RDP  of  the  explosion  source.  At  this  range,  Pn  has 
only  separated  1  to  1.5  seconds  from  PmP.  Synthetic  seismogram  calculations  (Figure  5) 
and  well-known  theoretical  considerations  of  the  characteristics  of  headwaves  show 
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that  Pn  behaves  like  the  integral  of  the  far-field  source  function,  or  has  the  shape  of  the 
RDP  itself.  If  Pn  is  an  actual  turning  wave  in  the  mantle  due  to  a  positive  upper  mantle 
velocity  gradient,  then  it  should  behave  more  like  the  time  derivative  of  the  RDP.  The 
data  for  Pn,  as  well  as  PmP,  show  that  the  JVE  explosion  RDP  must  have  significant 
overshoot. 

Previous  Soviet  Deep  Seismic  Sounding  studies  in  the  region  (Leith,  1988)  found 
high  Pn  velocity.  This  is  reflected  in  the  crustal  model  of  Figure  7.  The  amplitude  ratio 
of  Pn  to  PmP  in  the  BAY  data  suggest  that  Pn  may  actually  be  a  turning  wave  in  a 
positive  upper  mantle  velocity  gradient.  If  this  assumed,  then  the  Pn  waveform  itself  is 
an  image  of  the  time  derivative  of  the  source  RDP.  Figure  2  shows  that  there  must  be  a 
large  amount  of  overshoot  to  the  RDP.  This  problem  does  not  go  away  if  Pn  is  assumed 
to  be  a  pure  head  wave.  Indeed,  it  becomes  much  more  difficult  to  explain  the  observed 
negative  swings  in  the  data  since  the  RDP  itself  must  have  a  negative  swing.  The  source 
models  of  von  Seggem  and  Blandford  (1972)  and  Haskell  (1967)  were  investigated  but  it 
was  found  that  these  models  were  incapable  of  producing  of  producing  the  observed 
overshoot  in  Pn  or  PmP.  The  Mueller  and  Murphy  (1971)  source  model,  however,  is 
more  oscillatory  and  produces  larger  overshoots  comparable  to  the  data. 

Conclusions  and  Recommendations 

"Tectonic  release"  in  the  1988  Soviet  JVE  explosion  is  seen  to  be  composed  of  two 
parts.  The  first  in  time  and  space  is  that  due  to  cavity  relaxation  and  dominates  at 
longer  periods.  The  second  is  inferred  to  be  caused  by  explosion-driven  block  motions 
located  1  to  several  kilometers  south  of  the  shotpoint.  This  induced  faulting  must 
incorporate  oscillatory  dislocation  with  little  net  moment.  It  is  speculated  that  strong- 
motion  explosion  Rayleigh  waves  drive  this  block  motion.  This  observation  implies 
that  high  frequency  S  waves  seen  in  explosion  seismograms  are  caused  by  a  random 
excitation  process  at  high  frequencies  and  is  controlled  by  the  fracture  heterogeneity  of 
the  near-source  medium. 

The  explosion  RDP  is  seen  to  have  significant  overshoot.  The  Mueller-Murphy 
source  model  is  more  effective  in  modeling  this  overshoot  than  are  models  by  von 
Seggem  and  Blandford  or  Haskell. 
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Figure  1:  Corrected  displacement  data  recorded  at  BAY  and  KKL.  Phases  are 
annotated. 


Figure  2:  Comparison  of  observed  body  waves  in  time  and  amplitude.  The  data 
have  been  lightly  low-passed  filtered  with  a  2  pole,  causal  Butterworth 
filter  with  a  comer  frequency  of  1  Hz.  Phases  are  annotated.  Note  the 
small  time  advances  of  Pn  and  PmP  at  BAY  compared  to  KKL.  Also  note 
that  SmS'  is  significantly  delayed  compared  to  the  SmS  at  BAY. 


221 


4  Hz  Htghpaaa  1  Hz  Hlghpata  Displacement  10  sec  Lowpass 

x  100  x  1000  x  1000  x  100 


Rltered  SH  Displacements 


\mm\ 


V 


BSMIIHK 

!  SSS 


36  38  40  42  44  46  48  50 

Relative  Time  (sec) 

Figure  3:  Comparison  of  the  displacement  data 
at  BAY  and  KKL  using  lowpass  and 
highpass  2-pole,  causal  Butterworth  filters. 
Vertical  lines  are  for  time  reference.  Phases 
are  annotated.  Identification  of  Sn  and  SmS 
is  possible  at  both  stations  for  the  lowpassed 
data  and  is  consistent  with  the  relative  time 
shifts  seen  in  the  P  wave  data.  The  path  to 
BAY  is  slightly  faster.  However,  SmS' 
becomes  dominant  at  higher  frequecies  and 
shows  a  clear  polarity  change  between 
stations.  SmS'  also  arrives  at  nearly  the 
same  time  at  both  stations  unlike  Sn  or  SmS, 
implying  a  different  source  location.  _  _ 
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Figure  7:  Crust  and  upper  mantle  assumed  in 
the  synthetic  seismogram  calculations. 
Based  on  Soviet  DSS  results  for  the  area 
(Leith,  personal  communication). 
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Figure  4:  Sketch  of  the  relative  location 
of  the  SmS’  source  relative  to  the 
JVE  shotpoint.  SmS*  must  be 
delayed  by  the  same  amount  as  the 
time  advance  due  to  velocity 
structure  to  BAY  relative  to  KKL 
(0.35  sec).  Therefore,  the  SmS' 
source  must  be  farther  from  BAY 
than  KKL.  The  diagram  shows  the 
graphical  solution.  Also  shown  are 
the  expected  P  and  Rayleigh 
wavefront  locations  at  1  sec  after 
detonation  of  the  explosion.  One 
second  is  the  approximate  relative 
time  of  SmS'  to  SmS  at  both  stations. 
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Figure  5:  Comparison  of  two  synthetic 
seismogram  computations  for  P  and 
SH  waveforms.  The  left  panel 
shows  synthetics  for  a  model  based 
on  DSS  results  for  the  area  (Figure 
7).  Crustal  P  and  S  phases  are 
composed  of  reflections  from  lower 
crustal  interfaces.  Small 
modification  of  this  model  spreads 
on  relative  arrival  times  as  shown  in 
the  right  panel.  Seismograms 
become  complex  and  do  not  match 
the  character  of  the  data  in  Figure  2. 
PxP  and  SxS  are  reflections  from 
lower  crustal  interfaces.  Thus,  SmS 
must  be  a  simple,  compact  phase 
similar  to  the  that  seen  for  PmP  in 
the  data. 

Figure  6:  Comparison  of  data  and 
synthetic  for  the  two-source  model 
of  tectonic  release.  The  SmS’  source 
consists  of  a  strike-slip  fault  with 
relative  dislocation  of  03,  *1.0  and 
03  separated  at  03  second  intervals. 
Amplitudes  are  arbitrary  in  this 
plot 
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Objective:  This  research  is  directed  at  improving  the  performance  of 
regional  wave  discriminants  by  developing  empirical  and,  potentially, 
theoretical  wave  propagation  corrections  for  Pn/Lg  and  Sn/Lg  ratios,  as 
well  as  for  Lg  amplitudes.  It  will  hopefully  provide  fundamental  advances 
in  our  understanding  of  the  regional  wavefield.  The  basic  idea  is  that  by 
establishing  the  influence  of  large-scale  crustal  waveguide  structure  on 
the  amplitude  ratios  of  regional  phases,  the  scatter  in  those  ratios  can  be 
reduced,  thereby  enhancing  the  discriminant  performance.  We  are 
exploring  surrogates  for  waveguide  structure  such  as  surface  topography 
and  bathymetry  characteristics,  along  with  independently  constrained 
parameters  such  as  crustal  thickness,  sedimentary  basin  thickness,  and 
crustal  attenuation.  A  combined  empirical  and  modeling  approach  is 
being  undertaken  to  systematically  explore  the  influences  of  large-scale 
irregularities  in  the  crustal  waveguide,  as  a  preliminary  step  toward  a 
predictive  capability  of  reliable  a  priori  path  calibration  for  regions  for 
which  we  may  have  no  prior  wave  propagation  experience. 


Research  Accomplished:  The  current  research  effort  commenced  on 
May  1,  1994,  so  only  a  few  months  work  has  been  completed  at  this  time. 
However,  the  research  effort  builds  directly  upon  work  initiated  under 
prior  grants  from  ARPA  and  AFOSR.  Our  earlier  work  has  established 
that  there  are  strong  correlations  between  regional  phase  amplitude  ratios 
and  gross  characteristics  of  the  crustal  path  from  the  source  to  the 
receiver  for  explosions  and  earthquakes  in  Eurasia.  Strong  correlations 
have  been  found  between  surface  topographic  characteristics,  including 
mean  elevation  and  rms  roughness  of  the  surface,  and  the  regional  phase 
amplitude  ratio  Sn/Lg  for  explosions  at  the  Semipalatinsk  test  site  (Figure 
1;  Zhang  and  Lay,  1994a).  This  suggests  a  strong  partitioning  of  high 
frequency  wavefield  energy  between  crustal  and  upper  mantle  lid  phases, 
controlled  by  irregularity  of  the  waveguide.  Surface  scattering  probably 
plays  a  direct  role,  especially  in  the  generation  of  the  Lg  and  Sn  energy  by 
Rg  scattering  near  the  source,  but  the  trends  in  Figure  1  indicate  that 
overall  waveguide  characteristics  that  are  manifested  in  surface 
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topography  and  its  roughness  (via  isostatic  compensation)  are  important 
and  quantifiable.  Less  significant  correlations  have  been  found  for  upper 
mantle  distance  P/Lg  behavior  and  surface  topography  for  Semipalatinsk 
explosions  (Zhang  and  Lay,  1994a),  but  we  are  just  beginning  to  analyze  a 
data  set  of  Pn  observations  for  NTS  explosions  to  explore  the  behavior  of 
waves  that  do  not  dive  into  the  mantle. 

Zhang  and  Lay  (1994b)  have  also  found  correlations  with 
bathymetric  characteristics  of  the  underwater  segment  for  Lg  phases 
from  Novaya  Zemlya  explosions  (Figure  2).  The  extent  of  necking  of  the 
waveguide  along  the  continental  shelf,  which  is  coupled  to  bathymetric 
and  sedimentary  basin  variations,  appears  to  have  a  strong  influence  on 
relative  amplitude  of  Lg  phases.  In  our  most  recent  work,  conducted 
under  the  current  contract,  we  (Zhang,  Schwartz  and  Lay,  1994)  have 
analyzed  a  large  data  set  of  Eurasian  nuclear  tests  and  small  earthquakes, 
finding  that  the  thickness  of  sedimentary  basins  traversed  on  the  regional 
path,  along  with  attenuation  effects  predicted  by  an  Lg  coda  Q  model 
(Pan  et  al.,  1992),  influence  Pn/Lg  ratios  at  regional  to  upper  mantle 
triplication  distances.  We  have  explored  the  relative  importance  of  crustal 
thickness,  surface  roughness,  sediment  thickness,  and  attenuation 
structure  of  the  crust  using  a  multivariate  analysis  (Figure  3,  4).  The 
waveguide  properties  considered  tend  to  be  highly  correlated  with  each 
other,  thus  it  is  as  of  yet  difficult  to  isolate  specific  characteristics  that 
control  the  regional  phase  energy  partitioning.  A  two  parameter  model, 
involving  the  path  attenuation  term,  yA,  and  maximum  sediment  thickness 
on  each  path,  reduces  the  variances  for  separate  earthquake  and 
explosion  data  sets  by  40%  and  27%,  respectively.  However,  nearly 
equal  performance  is  given  by  models  combining  path  attenuation  and 
surface  topography  measures,  thus  it  is  likely  that  several  factors  are 
important.  It  is  encouraging  that  regional  Lg  coda  Q  models  appear  to 
have  the  potential  to  reduce  scatter  in  Lg  phase  amplitudes,  but  we  have 
found  significant  correlations  with  Sn  amplitude  variations  and  P  coda 
amplitude  variations  as  well,  suggesting  that  these  models  are  not  purely 
crustal  measures.  Based  on  these  exploratory  efforts,  it  appears  possible 
to  use  independent  constraints  on  crustal  properties  to  develop  corrections 
that  significantly  reduce  the  scatter  in  regional  phase  discriminants.  This 
could  have  tremendous  significance  for  our  ability  to  transport 
discriminants  to  regions  sampling  significantly  different  paths  than  the 
well-studied  ones  associated  with  old  test  sites. 

Under  this  research  effort,  we  are  also  conducting  finite  difference 
and  normal  mode  synthesis  of  regional  phases  to  explore  the  physics 
underlying  the  empirical  trends  that  have  been  found.  This  extends,  and 
complements,  our  earlier  work  on  Lg  excitation  (Xie  and  Lay,  1994a)  and 
propagation  effects  on  Lg  scaling  (Xie  and  Lay,  1994b).  Initial  work  with 
a  finite  difference  method  also  indicates  a  greater  role  for  crustal 


thickness  in  the  generation  of  Lg  than  has  been  previously  recognized,  in 
that  crustal  thicknesses  of  less  than  6  km  cannot  support  large  numbers  of 
Rayleigh  wave  overtone  modes  in  the  appropriate  frequency  band  for 
typical  continental  Lg  signals.  Thus,  blockage  of  Lg  transport  across 
ocean-continental  boundaries  is  strongly  influenced  by  overall  change  in 
crustal  thickness  rather  than  by  details  of  the  transitional  structure  (Zhang 
and  Lay,  1994c).  This  is  distinctive  from  the  behavior  of  fundamental 
mode  energy. 

Conclusions  and  Recommendations:  At  this  time  it  is  too  early  to 
confidently  state  whether  or  not  propagation  corrections  based  on 
independently  obtained  measures  of  the  crustal  structure  on  a  given  path 
will  in  fact  reduce  the  scatter  in  regional  discriminants  effectively.  Our 
initial  work  has  been  in  a  relatively  low  frequency  (0.2-3  Hz)  passband, 
where  we  find  that  there  is  in  fact  significant  variance  reduction  in  the 
P/Lg  or  Sn/Lg  amplitude  ratios  using  path  corrections.  Whether  this  will 
hold  for  the  higher  frequency  band  (2-8  Hz)  where  Pn/Lg  appears  to  have 
discrimination  potential  is  uncertain.  We  recommend  that  available 
broadband  observations  of  quarry  blasts,  earthquakes,  and  nuclear  tests 
be  explored  using  multivariate  analysis  to  establish  empirical  relations  to 
waveguide  characteristics  wherever  possible.  This  should  be 
accompanied  by  development  of  realistic  three-dimensional  waveguide 
modeling  capacities,  including  short- wavelength  inhomogeneities  and 
surface  and  internal  boundary  topography,  to  quantify  the  existing 
correlations.  Systematic  relationships  between  attenuation  properties  and 
waveguide  structure  also  should  be  explored. 
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Figure  2.  Top:  Bathymetric  map  around  the  Novaya  Zemiya  test  site,  showing  great-circle  paths 
to  Eurasiwi  stations  for  which  energy  partitioning  is  compared  to  path  properties.  Bottom:  Plots 
of  Sn/Lg  RMS  values,  corrected  for  topographic  roughness  trends  using  the  Eurasian  correlations 
shown  in  Figure  4,  versus  (a)  mean  depth  on  the  underwater  leg,  (b)  length  of  the  underwater  leg, 
and  (c)  maximum  depth  of  the  underwater  leg  on  the  path  to  each  station.  From  Zhang  and  Lay, 
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Fig.  3.  Log  P!Lt  ratio  variations  with  a)  minimum  and  b)  mean  altitude,  c)  minimum  and  d)  mean 
crustal  thickness  for  earthquake  data.  CC  stands  for  correlation  coefficient,  S1G  is  standard  devi¬ 
ation  of  linear  correlation,  SLO  is  the  slope  of  the  linear  regressioa 
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Fig.  *i.  Log  PfLt  ratio  variations  with  a)  maximum  and  b)  mean  sediment  thickness,  c)  minimum  Q 
value  and  d)  the  attenuation  term  yA  for  earthquake  data. 
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OBJECTIVE 

The  objective  of  this  project  is  to  assess  the  usefulness  of  the  empirical  Green’s  function  method 
(e.g.  Hartzell,  1978;  Mueller,  1985)  and  relative  event  location  techniques  (e.g.  Jordan  and  Sver¬ 
drup,  1981)  in  characterizing  and  discriminating  seismic  sources  for  nuclear  monitoring.  The 
principle  underlying  these  methods  is  that  relative  properties  between  events  can  be  extracted 
from  regional  and  teleseismic  data  more  reliably  than  the  absolute  properties  of  the  events 
when  path  propagation  effects  are  not  accurately  known.  We  seek  to  determine  the  practical 
requirements  for  this  principle  to  hold,  and  to  develop  relative  source  parameter  estimation 
techniques  that  are  useful  for  seismic  event  discrimination. 


RESEARCH  ACCOMPLISHED 

The  work  reported  here  is  a  continuation  of  earlier  research  reported  by  Toksoz  et  al.  (1993). 
In  this  paper  we  apply  the  empirical  Green’s  function  (EGF)  method  in  two  ways.  First,  we 
use  it  in  the  conventional  way  to  estimate  the  source  time  functions  of  several  events  in  central 
Asia,  including  both  nuclear  explosions  and  earthquakes.  Second,  we  apply  the  EGF  method  to 
directly  compare  earthquakes  and  explosions.  The  results  of  doing  the  latter  does  not  strictly 
isolate  relative  source  parameters  from  earth  structure  effects  but  may  still  lead  to  a  basis 
for  event  discrimination.  The  last  section  of  the  paper  tests  the  hypothesis  that  a  relative 
event  location  approach  exploiting  waveform  information  can  achieve  good  teleseismic  location 
accuracy  with  only  a  small  number  of  stations. 


Nuclear  Explosions  and  Earthquakes  in  Central  Asia 

Relative  source  time  functions  (RSTF)  have  been  estimated  for  five  underground  nuclear  ex¬ 
plosions  and  nine  earthquakes  in  central  Asia  by  using  regional  and  teleseismic  P  waveforms  of 
nearby  smaller  events  as  empirical  Green’s  functions.  Two  of  the  explosions  are  at  the  Kaza¬ 
khstan  test  site  (KTS)  and  the  other  three  are  at  the  Xinjiang  test  site  (XTS).  RSTFs  of  the 
five  explosions  (mi= 5.3  to  6.5)  are  each  dominated  by  a  simple  pulse  with  a  source  duration  of 
0.4  to  0.8  s  (Figure  la),  reflecting  the  rapid  energy  release  over  a  small  volume.  We  estimated 
the  RSTF  of  one  of  the  explosions  (920521,  m(,=6. 5)  with  three  different  EGF  events  to  test 
consistency  (Figure  la).  Two  explosions  have  a  significant  secondary  pulse  with  a  pulse  width 
similar  to  that  of  the  first  pulse.  The  secondary  phases  are  associated  with  the  spall  slapdown 
phenomenon.  The  total  source  durations  of  the  five  explosions  range  from  0.4  to  1.6  s. 

In  contrast,  RSTFs  of  earthquakes  (mj,= 5.5  to  6.6)  in  the  vicinity  of  these  test  sites  typically 
comprise  multiple  source  pulses  with  a  total  source  duration  from  a  few  to  several  tens  of 
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RSTF  of  931002  08:42  Xinjiang  Earthquake  mb«6.2 


Time  (Second) 

Figure  1:  (a)  Estimated  RSTFs  of  two  explosions  at  KTS  and  three  explosions  at  XTS.  The 
source  durations  for  the  five  explosions  range  from  0.4  to  1.6  s.  The  numbers  in  brackets 
are  mj  magnitude  for  the  EGF  events.  The  three  bottom  traces  are  RSTFs  of  the  920521 
explosion  estimated  with  three  different  EGF  events,  (b)  Eight  single  station  estimates  of 
RSTF  for  Xinjiang  earthquake  (931002,  mb  =  6.2)  and  the  stacked  RSTF  trace.  The  total 
source  duration  of  the  event  is  about  9  s.  Note  that  the  time  scales  in  frames  (a)  and  (b)  differ 
by  a  factor  of  10. 
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seconds,  indicating  the  complex  source  process  involves  a  fault  dimension  of  several  tens  of 
kilometers.  The  RSTF  of  the  931002  earthquake  (mi=6.2)  in  southern  Xinjiang  was  estimated 
using  the  regional  and  teleseismic  broadband  P  waveforms  at  eight  stations  from  a  nearby 
aftershock  (mj,=5.7)  as  the  EGFs.  These  single-station  estimates  were  stacked  to  obtain  an 
averaged  RSTF  (Figure  lb).  The  mainshock  consists  of  two  subevents:  a  smaller  precursor 
followed  by  a  larger  one  2  s  later.  The  total  relative  source  duration  of  the  mainshock  is  about 
9  s.  The  location  of  the  earthquake  pair  is  about  300  km  south  of  XTS.  This  result  and  other 
events  we  analyzed  show  that  the  time  duration  and  structure  of  RSTFs  estimated  with  the 
EGF  method  easily  discriminate  large  explosions  from  moderate  earthquakes  (mb  >  5.5)  in 
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Figure  2:  Comparison  of  relative  source  durations  for  earthquakes  and  explosions  in  central 
Asia.  Note  that  the  source  durations  for  explosions  are  typically  less  than  those  of  earthquakes 
with  the  same  magnitudes  by  a  factor  of  about  10. 

central  Asia  (Figure  2). 


Nuclear  Explosions  as  EGF  Events 

To  further  investigate  the  potential  use  of  the  EGF  method  in  nuclear  monitoring  and  discrim¬ 
ination,  we  used  the  seismograms  of  small  explosions  as  EGFs  and  deconvolved  them  from  the 
seismograms  of  earthquakes.  The  results  of  this  deconvolution  are  strictly  not  a  relative  source 
time  function  but  can  be  considered  an  "apparent  source  time  function”  (ASTF).  Our  hope  is 
that  the  difference  between  such  ASTFs  and  the  RSTFs  of  explosions  can  be  the  basis  for  event 
discrimination.  Figure  3a  shows  broadband,  vertical-component  seismograms  for  four  XTS  ex¬ 
plosions  (920521,  900816,  931005,  and  940610,  ms  =  5.7  to  6.5)  and  two  Xinjiang  earthquakes 
(931002-0842  and  931002-0943,  ms  =  6.2  and  5.7)  recorded  at  station  COL,  which  is  about 
60  degrees  from  XTS.  The  locations  of  the  two  earthquakes  are  about  300  km  south  of  the 
XTS.  We  used  the  smallest  explosion  (940610,  ms  =  5.7)  as  the  EGF  event  and  deconvolved 
its  seismogram  from  those  of  the  three  larger  explosions  and  the  two  earthquakes.  Figure  3b 
shows  the  deconvolution  results.  For  explosions,  the  RSTF  of  the  each  event  consists  of  a 
simple  pulse  with  duration  of  0.45  to  1.6  s.  For  the  931002-0943  earthquake  (ms  =  5.7),  the 
ASTF  trace  shows  two  secondary  pulses  with  different  polarities  following  the  first  pulse.  The 
secondary  pulses  are  associated  with  the  depth  phases  (pP  and  sP).  The  deconvolution  trace 
of  the  931002-0842  earthquake  (ms  =  6.2)  shows  an  even  more  complex  structure  and  longer 
duration.  We  interpret  that  the  complex  structure  is  caused  by  the  combined  effects  of  the 
depth  phases  and  a  complex  source  time  function  of  the  earthquake  (Figure  lb). 
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Figure  3:  (a)  Broadband,  vertical  component  seismograms  recorded  at  station  COL  for  four 
nuclear  explosions  at  XTS  and  two  earthquakes  in  southern  Xinjiang.  The  waveforms  of  the 
smallest  explosion  mj  =  5.7  was  used  as  the  EGF.  (b)  Apparent  STFs  for  the  explosions  and 
earthquakes.  Note  the  complex  structure  and  longer  duration  of  the  deconvolution  results  for 
the  earthquakes. 


Comparison  of  Local  Earthquakes  and  Quarry  Blasts 

The  goal  of  monitoring  the  CTBT  is  to  detect,  locate,  and  identify  explosions,  blasts,  and 
earthquakes  as  small  as  =  2.5.  We  explore  the  possibility  of  using  the  EGF  method  to 
distinguish  quarry  blasts  and  earthquakes  at  local  distance.  Figure  4a  shows  the  locations  of 
two  earthquakes  ( mc  =  3.1  and  2.8)  and  seven  quarry  blasts  ( mc  =  1.4  to  2.0)  at  Littleton, 
Massachusetts,  as  well  as  the  location  of  a  short-period  station  (DNH)  of  the  MIT  seismic 
network.  The  epicentral  separations  among  the  events  are  about  5  km  and  the  depths  of  the 
earthquakes  are  estimated  to  be  a  few  to  ten  kilometers.  The  epicentral  distance  to  station 
DNH  is  about  70  km.  Short-period,  vertical  component  seismograms  of  the  two  earthquakes 
and  three  larger  blasts  (mc  =  1.9  and  2.0)  are  shown  in  Figure  4b.  We  stack  the  seismograms  of 
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b.  Seismograms  (LP:  fc=10  Hz) 


the  seven  blasts  to  obtain  an  average  seismogram  for  the  quarry  blasts,  plotted  at  the  bottom 
of  Figure  4b.  The  stacked  seismogram  was  used  as  the  EGF  and  deconvolved  from  seismograms 
of  the  larger  blasts  and  earthquakes  to  obtain  ASTFs  for  the  events  (Figure  4b).  The  RSTFs 
of  the  blasts  are  simple  pulses  while  the  ASTFs  of  the  earthquakes  show  a  complex  structure. 
The  secondary  phases  are  probably  related  to  depth  phases,  complex  structure  near  the  source 
and  complexity  of  the  source  itself.  This  example  suggests  that  the  EGF  method  may  be  a 
useful  tool  for  discriminating  small  earthquakes  from  quarry  blasts. 


Relative  Locations  of  Balapan  Explosions 

Our  relative  location  approach  uses  cross  correlation  of  waveforms  to  determine  accurate  dif¬ 
ferential  arrival  times  between  pairs  of  events  in  a  cluster.  Differential  times  from  multiple 
stations  and  phases  are  inverted  to  determine  the  event  location  pattern  within  the  cluster.  We 
have  applied  this  method  to  teleseismic  data  from  explosions  occurring  from  1987  to  1988  at 
the  Balapan  test  site  in  Kazakhstan.  Thurber  et  al.  (1993)  located  these  explosions  with  high 
accuracy  (100  m)  using  satellite  images.  We  determined  differential  arrival  times  for  P  and,  in 
some  cases,  PcP  phases  for  ten  teleseismic  stations  and  five  of  the  well-located  explosion  (see 
Figure  5a).  The  event  pair  used  for  each  differential  time  comprised  a  common  reference  event 
(event  94)  and  one  the  remaining  four  events.  The  data  set  totaled  47  differential  arrival  times. 

Figure  5b  compares  our  locations  based  on  differential  arrival  times  to  the  locations  deter¬ 
mined  by  Thurber  et  al.  (1993),  which  we  consider  to  be  the  true  locations  of  the  explosions. 
For  comparison,  we  have  shifted  our  location  pattern  so  that  the  reference  event  (94)  resides 
at  its  true  location.  We  see  that  the  locations  of  the  remaining  four  events  differ  from  their 
true  locations  by  2-3  km.  The  location  pattern  is  basically  correct  and  differs  primarily  in  size 
rather  than  relative  positioning  of  events.  The  larger  size  of  our  cluster  may  be  due  to  the 
use  of  global  traveltime  tables  in  the  inversion,  which  do  not  reflect  the  correct  local  velocity 
structure  for  the  Balapan  site. 

This  result  shows  that  relative  event  location  based  on  waveform  correlation  can  achieve, 
with  a  small  number  of  data,  relative  location  accuracies  which  are  comparable,  or  better,  than 
those  resulting  from  much  larger  data  sets  of  absolute  arrival  time  picks. 


CONCLUSIONS  AND  RECOMMENDATIONS 

Our  results  to  date  show  that  relative  location  and  EGF  methods  are  of  potential  value  for 
nuclear  monitoring.  By  using  waveform  information,  our  location  method  achieves  good  location 
accuracy  with  sparse  data,  compared  to  conventional  location  methods.  Further,  we  have  shown 
that  source  duration,  as  estimated  by  the  EGF  method,  effectively  discriminates  large  explosions 
and  earthquakes.  We  have  also  shown  that  the  EGF  method  can  be  adapted  to  directly  compare 
earthquake  and  explosion  seismograms,  thus  expanding  the  potential  applicability  of  the  method 
for  discrimination.  We  recommend  that  these  methods  of  relative  source  parameter  estimation 
be  tested  further  with  an  eye  towards  their  use  in  discrimination  of  small  events  from  regional 
data. 
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RELOCATION  RESULTS  VS  SATCLLiTE  IMAGES 


Figure  5:  (a)  Map  of  the  world  showing  locations  of  the  live  Balapan  nuclear  explosions  (circles) 
at  KTS  and  locations  of  the  seismic  stations  (triangles)  used  in  this  study,  (b)  Comparison  of 
our  relocation  results  (stars)  with  the  locations  determined  with  the  satellite  image  analysis  by 
Thurber  et  al.  [1993]. 
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Objective 

Our  objective  is  to  characterize  the  crust  and  upper  mantle  velocity  structure  of  the 
south  Caspian  Basin  using  both  body-wave  receiver  function  and  surface  wave  dispersion 
techniques.  To  accomplish  this  we  installed  a  network  of  6  digital  three  component  seismic 
stations  in  the  former  Soviet  republics  of  Turkmenistan  and  Azerbaijan.  This  extended 
abstract  describes  the  Caspian  Seismograph  Network  (CSN)  and  discusses  some 
observations  and  preliminary  results. 


Research  Accomplished 


During  May,  June,  and  December  1993  we  installed  a  network  of  6  three -component 
seismograph  stations  in  the  former  Soviet  republics  of  Turkmenistan  and  Azerbaijan.  The 
Turkmenian  stations  are  located  near  Krasnovosdk  (KRV),  Nebit  Dag  (NBD),  Dana  Tag 
(DTA)  and  Kizyl  Atrek  (KAT)  (Figure  1).  In  Azerbaijan  the  stations  are  located  near 
Lenkoran  (LNK)  and  Baku  (BAK)  (Figure  1).  In  June  1994  we  relocated  the  BAK  station 
100  km  west  to  Shemaha  (SHE).  The  Turkmenian  stations  are  operated  in  cooperation  with 
Dr.  B.  Karryev  from  the  Institute  of  Seismology  of  Turkmenistan,  and  the  Azerbaijan 
stations  are  operated  in  cooperation  with  Dr.  S.  Agamirzoev  from  the  Geophysical 
Expedition  of  Azerbaijan.  In  addition  to  CSN  data  our  research  incorporates  data  from  the 
IRIS  seismograph  station  near  Ashkabat,  Turkmenistan  (ABKT)  (Figure  1). 

Data  at  each  CSN  station  is  recorded  on  a  Refraction  Technology  72a-02  data  logger 
that  is  equipped  with  either  Omega  or  GPS  timing  and  an  external  hard  disk.  Four  stations 
(KRV,  DTA,  KAT  and  LNK)  record  ground  motion  using  a  Guralp  CMG-3T  triaxial 
broadband  (BB)  feedback  seismometer.  Stations  NBD,  BAK  and  SHE  have  three 
component  Teledyne  SL-2 10/220  long  period  (15  second  free  period)  (LP)  pendulum 
seismometers.  All  stations  record  data  continuously.  To  determine  the  instrument  transfer 
function  each  station  is  calibrated  with  a  simple  step  function,  a  cosine  function,  and  a 
pseudo-random  binary  input.  The  pseudo-random  binary  input  (RB)  (Berger  et  al.,  1979) 
consists  of  a  series  of  fixed  amplitude  step  functions  which  vary  randomly  in  duration. 
These  calibrations  were  done  in  order  to  determine  the  instrument  response  to  an  accuracy 
of  1  percent  in  amplitude  and  1°  in  phase. 

The  task  of  data  processing  and  archival  can  be  summarized  into  three  steps.  First,  all 
CSN  raw  data  files  are  permanently  archived  to  tape.  The  amount  of  raw  data,  depending 
on  station  ‘uptime’  can  exceed  2  Giga  bytes  for  every  two  months  of  network  operation. 
Second,  individual  events  are  identified  with  respect  to  the  Preliminary  Determination  of 
Epicenter  (PDE)  and  Quick  Epicentral  Determination  (QED)  Bulletins.  Third,  the  data  is 
converted  into  SAC  format  and  all  tile  headers  are  updated  with  the  appropriate  source  and 
station  information.  A  number  of  local  and  regional  events  have  also  been  recorded  that 
are  not  identified  in  either  the  PDE  or  QED.  To  date  we  have  recorded  a  sufficient  amount 
of  data  for  a  detailed  receiver  function  analysis  beneath  most  stations,  and  anticipate  by  the 
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conclusion  of  the  experiment  enough  common  great-circle  path  surface  wave  data  for  a 
detailed  surface  wave  analysis  of  the  region  between  each  station. 


Previous  Work 

The  south  Caspian  Basin  is  an  anomalous  aseismic  depression  that  is  surrounded  by 
active  fold  and  thrust  belts  that  are  part  of  the  east-west  trending  Alpine-Himalayan  Belt. 
The  Basin  is  bounded  to  the  north  by  a  narrow  seismogenic  zone  extending  from  the 
Caucasus  Mountains  in  Azerbaijan,  through  the  Apsheron-Balkhan  Sill,  to  the  Kopet  Dag 
Mountains  of  Turkmenistan.  To  the  west  in  Azerbaijan  and  to  the  south  along  the  Iranian 
border  the  Basin  is  bounded  by  the  active  fold  and  thrust  belts  of  the  Talesh  and  Alborz 
Mountains,  respectively.  Located  to  the  east  of  the  Caspian  Sea  are  the  Turkmenian 
Lowlands  which  are  structurally  a  part  of  the  south  Caspian  Basin. 

Deep  seismic  sounding  data  collected  in  the  early  1960’s  suggests  that  the  crust  of  the 
south  Caspian  Basin  and  west  Turkmenian  Lowlands  consists  of  2  layers;  a  thick 
sedimentary  layer  (15-20  km)  with  a  P-wave  velocity  of  3. 5-4.0  km/s  which  overlies  a  12- 
18  km  thick  ‘basaltic’  layer  with  a  P-wave  velocity  of  6.6-7. 0  km/s  (Neprochnov  1968; 
Rezanov  and  Chamo,  1969).  It  has  been  suggested  that  the  south  Caspian  Basin  represents  a 
section  of  ‘ocean-like  crust’  that  may  be  either  a  relic  of  an  older  Paieozoic-Triassic  ocean, 
or  alternatively  a  marginal  sea  which  developed  behind  a  Mesozoic-Paleogene  ocean 
(Berberian  and  King  1981;  Berberian  1983).  The  ‘ocean  like’  crust  hypothesis  is  supported 
by  the  observation  of  Lg  blockage  and  efficient  Sn  propagation  for  the  paths  that  cross  the 
south  Caspian  Basin  (Kadinsky-Cade  et  al.,  1981).  The  northward  movement  of  the  Iranian 
plate  with  respect  to  the  Eurasian  plate  is  causing  compressional  deformation  throughout 
this  region  (Jackson  and  McKenzie  1984).  A  focal  mechanism  analysis  of  earthquakes  that 
occurred  within  the  seismic  belts  bordering  the  Basin  suggest  that  the  crustal  shortening 
between  Iran  and  Eurasia  is  being  accommodated  primarily  along  thrust  and  strike-slip 
faults  in  the  Alborz  and  Talesh  Mountains,  and  to  a  lesser  extent,  by  northern  Caspian 
continental  crust  thrust  over  the  south  Caspian  Basin  ‘ocean-like’  crust  (Priestley  et  al., 
1994). 

Receiver  Function  Analysis:  CSN  Station  NBD 

The  source  equalization  method  of  (Langston  1979;  Ammon  1991)  is  used  to  isolate 
the  converted  shear  phases  which  are  primarily  recorded  on  the  horizontal  components  of 
ground  motion.  Individual  or  stacked  radial  component  receiver  functions  are  then  used  to 
estimate  the  receiver  structure  with  models  composed  of  either  vertically  heterogeneous  and 
laterally  homogeneous  horizontal  layers,  or  two-dimensional  models  composed  of  planer 
dipping  layers.  Key  indicators  of  planer  dipping  structure  beneath  a  recording  station  are: 
(1)  a  systematic  polarity  variation  of  scattered  energy  on  the  tangential  response  as  a 
function  of  azimuth;  and  (2),  a  moveout  with  respect  to  the  direct  P-wave,  of  multiply 
reflected  and  converted  phases  as  a  function  of  the  incident  P-wave  azimuth  to  the  dipping 
layer  (Langston  1977).  A  primary  concern  is  the  contamination  of  the  radial  receiver 
function  with  scattered  energy  which  can  be  estimated  by  analysis  of  the  tangential  receiver 
function.  By  varying  the  width  of  the  Gaussian  filter  in  the  source  equalization  procedure, 
all,  or  part  of  the  bandwidth  available  can  be  examined.  In  some  cases,  lower  frequency 
receiver  functions  are  simpler  than  their  higher  frequency  counterparts  (Mangino  et  al., 
1993)  and  are  potentially  less-biased  by  small  scale  (relative  to  wavelength)  lateral 
heterogeneity. 

To  model  the  crust  and  upper  mantle  structure  beneath  station  NBD  the  time  domain 
inversion  procedure  of  Amnion  et  al.  (1990)  is  employed.  The  data  is  linearized  in  a  Taylor 
series  about  the  starting  model,  obtained  from  forward  modelling.  Each  model  layer  is 
perturbed  and  a  waveform  derivative  is  determined  for  each  perturbation.  The  L2  norm 
between  the  model  synthetic  receiver  function  and  the  observed  data,  with  a  side  constraint 
of  model  smoothness,  is  then  minimized.  A  Poisson’s  ratio  of  0.25  is  used  to  relate  P-  to  S- 
wave  velocity.  The  resulting  solution  model  synthetics  that  do  not  fit  the  most  coherent 
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phases  in  the  data  are  discarded,  and  the  remaining  solution  models  represent  the  crustal 
structure  beneath  the  station.  It  is  important  to  recognize  a  limitation  of  this  technique’s 
inability  to  constrain  absolute  depth-to-interface  velocity.  Herein  lies  the  importance  of 
apriori  information  which  can  be  used  to  select  a  model  or  ‘family’  of  models  if  a  range 
solution  models  exist. 

Figure  2  shows  the  NBD  radial  and  tangential  (0.01-0.5  Hz)  receiver  functions.  Large 
amplitude  arrivals  present  on  the  NBD  radial  response  indicate  the  receiver  structure 
beneath  NBD  contains  prominent  velocity  contrasts.  In  comparison  with  the  radial,  motion 
on  the  tangential  is  low  for  the  north-easterly  backazimuths.  This  is  consistent  with,  but  not 
necessarily  limited  to,  the  response  of  one-dimensional  model.  The  difference  between  the 
radial  and  tangential  response  as  a  function  of  azimuth  suggests  some  lateral  heterogeneity. 
As  backazimuth  increases  to  more  easterly  approaches,  motion  on  the  tangential  between 
12-14  seconds  increases  and  eventually  exceeds  the  motion  on  the  radial  receiver  function. 
For  the  present  analysis,  the  41°  backazimuth  two  event  stack  is  modelled  in  detail  below. 

Figure  3  shows  the  inversion  results  for  the  NBD  2  event  stack.  The  most  important 
model  features  are  a  strong  positive  gradient  from  the  surface  to  4  km  depth,  a  3-4  km  thick 
high  velocity  layer,  and  a  strong  decrease  in  velocity  between  8-9  km  depth.  Between  10  to 
20  km  depth,  the  ‘mid-crust’  average  velocity  is  between  5. 8-6.2  km/s.  At  a  depth  of  20-24 
km,  velocity  increases  to  6. 8-7. 2  km/s,  and  has  a  positive  gradient  through  the  ‘lower  crust’ 
to  a  depth  of  34  km,  where  velocity  jumps  by  0.5  km/s  to  8. 0-8. 2  km/s.  The  most 
prominent  and  suspect  model  feature  is  the  4  km  thick  high  velocity  layer  in  the  upper  crust. 
This  ‘layer’  is  the  most  significant  contributor  to  the  large  amplitude  arrivals  in  the  first  10 
seconds  of  data.  The  broad  direct  arrival  is  matched  with  Ps  conversions  from  the  top  of  the 
positive  gradient  in  layers  1-4.  The  large  negative  motion  between  2-3  seconds  are  fit  with 
reverse  polarity  Ps  conversions  from  the  base  of  the  shallow  high  velocity  layer.  First  order 
multiples  from  the  top  and  bottom  of  this  ‘layer’  also  contribute  to  the  response.  Direct 
comparison  of  the  radial  and  tangential  response  (Figure  2)  indicate  the  shear  wave  energy 
is  predominately  confined  within  the  vertical  plane.  Therefore,  it  is  difficult  to  attribute  this 
model  feature  to  an  artifact  of  scattering.  Speculation  on  the  significance  of  this  ‘layer’ 
within  a  relatively  simple  crustal  structure  is  premature  until  the  adjacent  stations  are 
modelled  in  detail. 

Surface  Wave  Observations 

Shown  in  Figure  4  are  vertical  component  seismograms  from  a  mid-Atlantic  ridge 
earthquake  that  were  recorded  at  stations  LNK  and  KRV.  These  stations  lie  on  almost  the 
same  great  circle  path  from  the  epicenter  and  both  stations  have  identical  instrumentation. 
Previous  analysis  of  short-period  seismograms  has  shown  that  the  higher  frequency  (0.5-2.0 
Hz)  crustal  phase  Lg  is  not  observed  for  paths  that  cross  the  south  Caspian  Basin 
(Kadinsky-Cade  et  a!.,  1981).  Figure  4  shows  that  both  the  shorter  period  and  longer  period 
surface  wave  train  is  strongly  attenuated  or  scattered  across  the  south  Caspian  Basin. 

Conclusions  and  Recommendations 

A  receiver  function  and  surface  wave  analysis  of  CSN  and  ABKT  data  is  currently  in 
progress.  The  main  advantage  of  modelling  the  lithosphere  using  these  techniques  lies  in 
the  relatively  low  cost  and  logistical  simplicity  compared  with  active  source  seismic 
reflection  and  refraction  surveys.  Upon  completion  of  this  research,  in  light  of  what  we 
have  learned  from  the  body  and  surface  wave  analysis,  the  next  logical  step  is  to  examine 
regional  phase  propagation  across  the  study  area.  To  date  we  have  recorded  over  1 10  local 
and  regional  events.  Shown  in  Figure  5  are  the  local  and  regional  raypaths  for  the  first  9 
months  of  network  operation.  Analysis  of  this  unique  data  set,  as  well  as  using  data  from 
nearby  stations  should  enable  us  to  characterize  and  develop  un-biased  discriminats  based 
on  regional  phases  that  do  not  include  the  effects  of  averaging  over  large  distances. 
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Figure  1.  Map  of  che  Caspian  Sea  and  surrounding  regions 
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Figure  2.  NBD  receiver  functions  clockwise  from  north  about  the  station, 
relative  amplitudes  are  preserved.  The  number  of  events  stacked,  epicentral 
distance  and  backazimuth  is  shown  at  left  of  each  trace  pair. 
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Figure  3.  Inversion  results  for  station  NBD  (right),  and  the  model  synthetic 
receiver  functions  (lower  left)  compared  to  the  stacked  data  (upper  left). 


Figure  4 


243 


Depth  in  Km 


r  i 


Studies  of  Lithospheric  Structure  in 
Southwestern  North  America  Part  li: 
Lithospheric  Structure  of  the  Sierra  Nevada:  1993  Field 
Observations  of  the  NPE  and  the  Southern  Sierra  Nevada 

Continental  Dynamics  Project 

Kate  C.  Miller  and  G.  Randy  Keller 
Department  of  Geological  Sciences 
The  University  of  Texas  at  El  Paso 
El  Paso,  Texas  79968 
Contract  No:  F49620-92-J-0438 

Objective 

As  part  of  the  University  of  Texas  at  El  Paso’s  ongoing  effort  to  record  regional 
seismic  refraction  data  using  sources  at  the  Nevada  Test  Site  (NTS),  our  group  has 
collaborated  with  members  of  the  Southern  Sierra  Nevada  Continental  Dynamics  Project 
(SSCD),  a  consortium  of  research  universities  funded  by  a  number  of  government 
agencies  to  spearhead  a  coordinated  program  of  seismic  and  electrical  studies  of  the 
Death  Valley,  southern  Sierra  Nevada,  and  San  Joaquin  Valley  regions  of  California.  The 
aim  of  this  project  is  to  establish  the  nature  of  the  crust  and  upper  mantle  of  these  regions, 
for  a  variety  of  basic  scientific  and  practical  purposes.  During  the  1 993  field  work,  a  special 
effort  was  made  to  record  the  Non-Proliferation  Experiment  (NPE)  at  the  Nevada  Test  site 
in  addition  to  collecting  two  other  seismic  refraction/wide-angle  reflection  profiles.  These 
data  are  allowing  us  to  develop  refined  models  of  the  crustal  and  upper  mantle  structure  of 
the  southern  Sierra  Nevada  and  to  evaluate  alternative  hypotheses  for  its  uplift  and  for 
Basin  and  Range  extension.  They  also  provide  important  insights  into  the  propagation  of 
regional  phases  across  complex  geologic  structure. 

Research  Accomplished 

Background 

The  Southern  Sierra  Nevada  Continental  Dynamics  (SSCD)*  Project  is  a 
multidisciplinary,  multi-institutional  investigation  of  the  cause  of  the  uplift  of  the  Sierra 
Nevada  and  its  relationship  to  extension  in  the  adjacent  Basin  and  Range  province.  A 
broad  range  of  geologic  and  geophysical  data  are  being  collected  as  part  of  this  project.  To 
investigate  the  lithospheric  structure  of  this  area  and  the  propagation  of  regional  seismic 
phases  through  it,  two  seismic  experiments  were  designed:  (1)  a  major,  crustal  and 

*The  SSCD  Working  Group  includes  representatives  from  Duke  Univ. ,  Caltech ,  Univ.  of  Colorado,  Princeton 
Univ.,  U.C.  Riverside,  Univ.  of  Texas  at  El  Paso,  San  Diego  State  Univ.,  Stanford  Univ.,  China  Lake  Naval 
Weapons  Center,  and  the  U.S.  Geological  Survey. 
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upper-mantle  scale,  refraction  survey  using  shots  in  drill  holes  and  the  NPE  as  sources, 
recorded  by  IRIS-PASSCAL,  U.S.  Geological  Survey,  and  Geological  Survey  of  Canada 
seismograph  systems,  and  deployed  along  N-S  and  E-W  and  (2)  a  teleseismic  converted 
wave  survey  using  IRIS-PASSCAL,  and  French  supplied  seismographs.  The  government 
agencies  funding  the  SSCD  project  are  the  National  Science  Foundation,  United  States 
Geological  Survey,  the  Air  Force  Office  of  Scientific  Research,  the  Department  of  Energy, 
the  Naval  Air  Weapons  Station  China  Lake,  and  the  Lawrence  Livermore  National 
Laboratory. 

Geophysical  Background 

Seismic  observations  of  the  lithospheric  structure  of  the  Sierra  Nevada  have 
produced  conflicting  interpretation  (See  Jones  et  al.,  1994  and  Savage  et  al..  1994  for 
recent  summaries) .  Refraction  profiles  along  the  axis  of  the  range  have  been  interpreted  to 
show  a  crust  more  than  50  km  thick  (Eaton,  1966;  Pakiser  and  Brune,  1980). 
Disagreements  over  the  identifications  of  phases  and  their  interpretation  has  led  to  an 
alterative  interpretation  of  a  crust  only  about  40  km  thick  (Prodehl,  1 979) .  Seismic  profiles 
transverse  to  the  range  were  initially  interpreted  to  require  a  thin  (30  km  thick)  crust  with 
very  low  mantle  velocities  (7.65  to  7.88  km/s)  beneath  the  range  (Carder  et  al.,  1970, 
Carder,  1973).  Again,  alternative  interpretations  suggest  that  a  thick  crust  might  also  be 
consistent  with  the  observations  (Pakiser  and  Brune,  1 980).  Ray-tracing  models  through 
both  structures  appear  to  indicate  that  the  thinner  crust  better  fits  the  observations  (Bolt 
and  Gutdeutsch,  1 982) .  Abnormally  low  heat  flow  is  consistent  with  the  presence  of  a  thick 
root  (Roy  et  al.,  1972).  However,  Crough  and  Thompson  (1977)  argue  that  the  surface 
heat  flow  reflects  the  heat  flux  into  the  crust  over  10  m.y.  ago  and  does  not  reflect  the 
modern  tectonic  configuration.  Accordingly,  the  asthenosphere  could  have  risen  to  near 
the  base  of  the  crust  within  the  last  1 0  m.y.  or  so,  presumably  at  the  time  extension  began  in 
Death  Valley.  Consistent  with  this  idea,  Mooney  and  Weaver  (1989)  show  that  the 
maximum  depth  of  regionally  recorded  seismicity  decreases  from  over  25  km  beneath  the 
San  Joaquin  Valley  to  about  15  km  beneath  the  Sierra  Nevada.  This  latter  depth  is 
comparable  to  the  depth  of  seismicity  beneath  the  Basin  and  Range  to  the  east.  This 
decrease  could  be  due  to  elevation  of  the  brittle-ductile  transition  as  a  result  of 
asthenospheric  heating  from  below. 

Several  seismic  reflection  and  refraction  profiles  have  been  shot  in  the  San  Joaquin 
Valley  area  by  the  U.S.  Geological  Survey  (e.  g.  Holbrook  and  Mooney,  1 987;  Colburn  and 
Mooney,  1986;  Wentworth  et  al.,  1987)  These  data  give  both  velocity  and  structural 
information  north  and  south  of  our  seismic  profile,  but  give  little  information  on  the  crustal 
transition  from  the  San  Joaquin  Valley  to  the  Sierra  Nevada.  In  the  western  part  of  the 
valley  the  crust  is  approximately  26-28  km  thick  with  velocities  approaching  7.2  km/s  in  the 
lower  crust  (Holbrook  and  Mooney,  1 987).  Recent  analysis  of  microearthquake  data  in  the 
eastern  part  of  the  San  Joaquin  Valley  by  Miller  and  Mooney  (1994)  (sponsored  in  part  by 
this  contract),  suggest  that  crustal  thickness  may  approach  38  km  in  this  region  with  lower 
crustal  velocities  of  6.7  km/s.  Seismic  reflection  data  in  this  region  display  prominent,  but 
still  enigmatic  west-dipping  reflections  in  the  middle  to  lower  crust.  One  goal  of  the  1 993 
refraction  work  is  to  better  understand  the  implications  of  these  reflections  for  the  tectonic 
evolution  of  the  Sierra  Nevada. 

Somewhat  surprisingly,  relatively  little  geophysical  research  has  been  done  in  the 
Death  Valley  area.  The  only  seismic  refraction  line  indicates  a  roughly  30  km  thick  crust  to 
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the  east  of  Death  Valley  with  a  mean  crustal  P-wave  velocity  of  about  6. 1  km/s  (Prodehl, 
1979).  The  eastern  end  of  the  COCORP  line  across  the  Mojave  Desert  crosses  the 
southern  part  of  Death  Valley,  where  a  zone  of  reflections  considered  to  represent  Moho 
are  about  30  km  deep  (Serpa  et  al.,  1988).  A  large  gravity  high  and  topographic  low  that 
trends  along  the  valley  have  been  attributed  to  either  outcrops  of  dense  metamorphic  rocks 
at  the  valley  margins  or  thinner  crust  under  Death  Valley  than  under  regions  to  the  east  and 
west.  To  our  knowledge,  no  real  quantitative  attempt  has  been  made  to  separate  crustal 
thinning  from  lateral  density  contrast  as  the  cause  of  these  features.  In  May  of  1 994,  the 
University  of  Texas  at  El  Paso  (UTEP)  group  reshot  the  easternmost  of  the  SSCD 
shotpoints  along  with  three  other  shots  to  the  southeast.  The  result  is  a  series  of 
interlocking  profiles  which  will  greatly  enhance  our  knowledge  of  structure  and  wave 
propagation  in  the  southern  Basin  and  Range. 

Equipment,  Logistics,  and  Cooperation. 

The  bulk  of  the  seismic  recording  equipment  for  the  SSCD  refraction  and 
teleseismic  surveys  was  provided  by  the  national  IRIS-PASSCAL  instrument  center  at 
Stanford  University,  the  U.S.  Geological  Survey  in  collaboration  with  UTEP,  and  the 
Geological  Survey  of  Canada.  The  total  number  of  recorders  deployed  numbered  between 
600  to  700  instruments. 

In  September  1993,  three  seismic  refraction/wide-angle  reflection  profiles  were 
recorded:  (1)  a  325-km-long,  north-south  profile  extending  from  just  east  of  Mono  Lake 
south  across  the  Garlock  fault,  (2)  a  400-km-long,  east-west  profile  extending  from  Death 
Valley  west  across  the  Sierra  Nevada  to  near  the  San  Andreas  fault,  and  (3)  a 
480-km-long,  east-west  profile  deployed  for  the  NPE.  This  profile  extended  froi ,  3eatty, 
Nevada,  west  across  the  Sierra  Nevada  along  the  previously  recorded  east-west  profile 
and  continued  nearly  to  the  Pacific  Ocean.  Atotal  of  24  explosions  including  the  NPE  were 
recorded  in  in-line  and  fan  geometries. 

Over  50  individuals  from  more  than  a  dozen  institutions  cooperated  in  the  SSCD 
experiment.  The  bulk  of  leg  work  for  permitting  of  shot  points,  roadways,  trails,  and 
ways-to-go  along  the  teleseismic  and  refraction  surveys  was  done  by  the  university 
participants  working  with  a  Post  Doctoral  Research  Fellow  from  Lawrence  Livermore 
National  Laboratories.  The  permits  for  the  shot  points  and  refraction  survey  points  were 
signed  by  the  U.S.  Geological  Survey.  Some  amount  of  helicopter  reconnaissance  was 
needed  for  both  the  permitting  and  survey  of  the  refraction  lines  in  the  Sierra  Nevada  and 
Death  Valley  areas.  It  was  necessary  that  all  groups  worked  closely  together  to 
successfully  deploy  the  large  number  of  instruments  along  the  seismic  profiles. 

For  the  NPE  explosion  at  the  Nevada  Test  Site,  the  SSCD  project  fielded  some  350 
portable  seismic  recorders.  Stations  were  equipped  with  a  mixture  of  3-component  and 
vertical  geophones,  with  both  short  period  and  broad-band  responses.  The  various 
sensors  were  interleaved  to  give:  (a)  a  450  km  profile  across  the  Sierra  Nevada  at  2  km 
station  spacings  and  (b)  local  arrays  placed  both  in  a  circle  around  Owens  Lake  and  in  3 
smaller  apertures,  at  Darwin  Plateau,  Horse  Shoe  Meadow,  and  Mineral  King  (Figure  1). 
The  arrays  and  25  of  the  profile  stations  were  also  used  to  record  earthquakes  for  several 
weeks.  These  events  include  a  magnitude  3+  Death  Valley  event  and  the  5+  event  in 
Oregon. 
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The  data  were  distributed  to  the  SSCD  members  in  March,  1 994  and  await  complete 
interpretation  of  the  crustal  structure  information.  This  is  a  complex  process  which  includes 
forward  and  inverse  modeling  of  travel  times  for  the  various  seismic  phases  observed  in  the 
data  as  well  as  amplitude  modeling. 

A  record  section  for  the  profile  NPE  (Figure  2)  presents  an  outstanding  picture  of  the 
Pn  phase  as  it  propagates  across  the  Sierra  Nevada,  San  Joaquin  Valley,  and  San  Andreas 
fault  regions.  This  phase  is  clear  all  across  the  record  section  to  the  westernmost  stations 
which  were  deployed  just  east  of  Carmel,  California.  Large  variations  in  the  amplitude 
relations  between  Pn  and  later  arriving  phases  such  as  PmP,  suggest  significant 
complexities  in  upper  mantle  structures.  An  understanding  of  such  variations  is  important 
to  treaty  verification  efforts.  The  broad  band  recording  do  show  that  longer  period  Lg  type 
waves  are  clearly  affected  by  the  Sierra  Nevada.  We  are  combining  these  observations 
into  model  of  seismic  wave  propagation  across  the  region  for  both  scientific  and  nuclear 
discrimination  purposes. 

Preliminary  results  from  analysis  of  the  refraction  data  and  teleseismic  converted 
waves  by  SSCD  members  indicate  that  the  crust  of  the  southern  Sierra  Nevada  is  relatively 
thin,  in  the  range  of  35  km  or  less.  Further  analysis  of  the  NPE  record  will  help  answer 
questions  about  the  nature  of  the  upper  mantle  in  the  southern  Sierra  Nevada. 

Conclusions  and  Recommendations 

The  NPE  effort  has  provided  an  unique  opportunity  to  record  detailed  data  on  upper 
mantle  structure  across  California  in  order  to  answer  major  crustal  and  nuclear  monitoring 
questions.  Since  the  Pn  phase  plays  a  major  role  in  Comprehensive  Test  Ban  Treaty 
verification  efforts,  long  range  recordings  of  this  phase  are  very  important  in  order  to 
provide  data  on  waveform  variations  as  it  propagates  through  complex  structures.  This 
project  is  an  excellent  example  of  the  kind  of  significant  results  that  can  be  obtained  when 
universities  and  government  agencies  cooperate  and  pool  resources. 
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Southern  Sierra  Nevada  Continental  Dynamics  Project  (SSCD)  ~  NPE  Study 


Location  of  NPE  Profiles  &  Arrays 


Figure  1.  Index  map  showing  the  profile  of  seismic  recordings  obtained  for  the  NPE. 
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Studies  of  Lithospheric  Structure  in  Southwestern  North 

America 

Part  III:  Lithospheric  Profiles  in  the  Nevada  Test  Site 
Region:  The  DELTA  FORCE  experiment 

Carlos  Montana,  G.  Randy  Keller,  Kate  Miller,  and  Julia  Whitelaw 
Department  of  Geological  Sciences 
The  University  of  Texas  at  El  Paso 
El  Paso,  Texas  79968 
Contract  No:  F49620-92-J-0438 

Objective 

The  University  of  Texas  at  El  Paso  conducted  a  seismic  refraction/wide 
angle  reflection  survey  during  May  of  1994  with  the  objective  of  achieving  a 
better  understanding  of  the  nature  of  the  crust  and  upper  mantle  in  the 
Basin  and  Range  and  Colorado  Plateau  geologic  provinces.  Of  primary 
interest  was  lithospheric  structure  and  wave  propagation  in  the  vicinity  of  NTS. 
The  participants  in  this  experiment  were  the  University  of  Texas  at  El  Paso, 
the  U..  S.  Geological  Survey,  the  California  Institute  of  Technology,  and 
Iris-Passcal  support  personnel.  In  addition,  networks  operated  by  Sandia  and 
Lawrence  Livermore  National  Laboratories  recorded  the  shots.  A  Mexican 
research  group,  CICESE,  based  in  northwestern  Mexico  contributed  by 
recording  across  northern  Mexico  from  the  Imperial  Valley  to  the  Pacific 
Ocean. 

Research  Accomplished 

The  seismic  experiment  was  conducted  in  southeasternmost  Califor¬ 
nia,  southernmost  Nevada,  and  northwestern  Arizona.  The  seismic  experi¬ 
ment  was  designed  around  four  explosive  source  locations  shown  on  Fig¬ 
ure  1  and  located  in  the  vicinity  of  the  north  rim  of  the  Grand  Canyon,  Death 
Valley  Junction,  NV,  Kingman,  AZ,  and  Blythe,  CA.  A  total  of  474  recording 
instruments  were  deployed  in  a  single  deployment  along  5  line  segments 
as  shown  on  Figure  1.  The  instruments  deployed  were  166  Refteks,  188 
Seismic  Group  Recorders  and  120  Seismic  Cassette  Recorders  and  were 
positioned  at  '2km  spacing.  The  natural  frequencies  of  the  geophones  uti¬ 
lized  were  either  1,4.5  or  8  Hz.  The  sources  utilized  were  ammonium  nitrate 
compounds  loaded  into  boreholes  "180  ft.  deep  in  amounts  of  8000  lbs 
with  the  exception  of  the  Kingman  shot  which  measured  6000  lbs.  The 
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number  of  people  required  to  conduct  this  experiment  was  in  excess  of 
50,  and  the  project  took  a  week  to  complete. 

Preliminary  plotting  of  seismic  traces  show  good  quality  data  for 
the  most  part,  with  prominent  phases  showing  up  clearly,  ie.  Pg,  Pn,  and 
PmP.  By  combining  our  results  with  previous  studies  a  clearer  picture  of 
the  lithosphere  in  this  region  should  emerge.  Our  Mexican  colleagues  were 
able  to  record  at  least  the  southernmost  shot  with  quality  seismograms 
being  obtained  out  to  the  continental  margin. 

Conclusions 

The  the  results  of  the  Delta  Force  experiment  look  extremely  promising 
at  this  point.  The  number  and  quality  of  seismic  traces  suggests  that  it  will 
provide  significant  data  that  will  improve  our  understanding  of  the  character 
of  the  lithosphere  in  this  region.  It  was  only  through  a  significant  amount  of 
interagency  cooperation  that  this  ambitious  project  could  be  completed. 
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Figure  1 :  Index  map  of  the  Delta  Force  experiment.  Seismic  sources  are  shown  as 
well  as  the  profiles  along  which  the  seismic  recorders  were  deployed.. 


Studies  of  Pn,  Sn  and  Lg  wave  propagation  across  major  crustal  studies  using  PNEs 
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Leonid  N.  Solodilov*** 

•Department  of  Geology  and  Geophysics,  University  of  Wyoming,  PO  Box  3006, 
Laramie,  WY,  82071. 

••Department  of  Mathematics,  University  of  Wyoming,  PO  Box  3006,  Laramie,  WY, 
82071. 

•••Center  for  Regional  Geophysical  and  Geoecological  Research  (GEON),  Moscow, 
Russia. 

Grant  F49620-94-1-0134 

OBJECTIVES 

University  of  Wyoming  (UW)  is  currently  conducting  a  research  project 
aimed  at  digitization  and  advanced  processing  of  the  unique  Deep  Seismic 
Sounding  (DSS)  data  acquired  in  the  former  USSR  during  the  past  25  years  in  order 
to  better  understand  wave  propagation  through  complex  lithospheric  structure  by 
using  long,  densely  sampled  seismic  profiles  from  nuclear  and  chemical  explosions. 
Under  the  agreement  of  scientific  cooperation  between  the  University  of  Wyoming 
and  center  GEON  (Moscow,  Russia;  formerly  the  Special  Geophysical  Expedition)  we 
obtained  a  part  of  the  DSS  profile  "Quartz".  The  remaining  part  of  the  data  will  be 
transferred  to  UW  in  the  near  future. 

The  specific  overall  objectives  of  our  study  are: 

1)  Digitization  of  all  of  the  original  3-component  analog  field  records  to  their  full 
length  (up  to  600  seconds  of  seismic  data).  Recovery  of  all  vital  seismic  trace  header 
information  and  storage  of  the  data  in  a  standard  (portable)  format. 

2)  Identification  and  true  amplitude  recovery  of  seismic  phases  (especially,  Pn,  Sn, 
Lg  and  converted  phases)  along  the  profile. 

3)  Inversion  of  the  DSS  wavefield  for  the  P-  and  S-wave  velocity  structure; 
modeling  of  Lg  wave  propagation  across  laterally  variable  geological  structures; 
estimation  of  the  resolution  of  the  crustal  velocity  structure  and  its  implication  for 
the  analysis  of  Lg  wave  propagation. 

4)  Study  of  the  detailed  structure  of  major  crustal  units  such  as  the  Ural  Mountains 
and  Pechora  Basin. 

5)  Calibration  of  regional  seismic  event  discriminants. 

RESEARCH  ACCOMPLISHED 

DSS  profiling  in  the  USSR  and  the  "Quartz"  profile 

The  "Quartz"  profile  is  one  of  the  14  major  profiles  acquired  in  the  USSR 
during  the  fulfillment  of  an  extensive  program  of  deep  seismic  sounding.  The 
program  is  unique  in  the  use  of  "Peaceful  Nuclear  Explosions"  (PNE)  combined 
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with  the  use  of  3-component  recorders  at  offset  ranges  over  3000  km.  Recent 
descriptions  of  DSS  program  are  given  by  Benz  et  al.  (1992a)  and  Benz  et  al.  (1992b). 

The  profile  "Quartz"  (Murmansk-Kizil)  completed  in  1984-87  extends  3950 
km  across  several  major  tectonic  units  of  northern  Eurasia  (Zonenshain  et  al.,  1990; 
Mechie  et  al.,  1993).  Starting  at  the  northwest  end  of  the  profile,  these  units  are  (Fig. 

1): 

1)  The  East  European  Platform  (770  km),  including  440  km  of  the  Baltic  Shield.  The 
oldest  rocks  of  the  East  European  Platform  are  early  Archean;  the  last  significant 
event  here  was  the  intrusion  of  rapakivi  granites  about  1600  Ma  ago. 

2)  The  Timan  Belt  (120  km  of  the  profile),  which  is  a  late  Precambrian  fold  belt  or  a 
suture  between  eastern  Europe  and  Barentsia. 

3)  The  Pechora  Basin  (360  km),  which  underwent  a  number  of  extensional  events 
from  early  Devonian  to  late  Cretaceous  or  early  Palaeogene. 

4)  The  Uralian  Belt  (260  km),  formed  at  the  end  of  the  Paleozoic  and  the  beginning 
of  the  Mesozoic. 

5)  The  West  Siberian  Basin  (1540  km)  -  a  broad  extensional  basin  with  very  thick 
Triassic  and  Holocene  sediments. 

6)  The  Altai-Sayan  Foldbelt  (900  km  of  the  profile)  -  an  active  Alpine  belt  which 
underwent  several  phases  of  deformation  from  the  early  to  middle  Cambrian  to  the 
Permian  throughout  the  Paleozoic. 

Fig.  2  shows  the  corresponding  crustal  velocity  structure  developed  in  the 
center  GEON.  Recordings  were  made  with  about  400  3-component  seismographs 
from  3  PNEs  (located  at  about  1130,  2050  and  2820  km  from  the  northwestern  end  of 
the  profile)  and  42  chemical  explosions.  The  station  spacing  was  generally  about  10 
km. 


Data 


The  'Taiga"  and  "Cherepakha"  seismographs  recorded  2  sets  (with  different 
gains)  of  3-component  seismic  records  directly  onto  magnetic  tapes.  The  records 
were  digitized  at  the  center  GEON  to  their  full  length  (nearly  10  minutes)  and  sent 
to  the  University  of  Wyoming  for  further  processing.  To  date,  we  have  obtained  the 
northwestern  part  of  the  profile  including  2  of  the  3  PNEs  and  28  of  42  chemical 
explosions.  Figures  3  and  4  show  the  vertical  component  of  the  reduced  record 
section  for  the  shotpoints  123  and  213.  A  correction  for  different  amplitude 
responses  of  the  instruments  and  band-pass  filtering  was  applied.  The  general  form 
of  the  DSS  record  is  close  to  that  usually  observed  in  earthquake  seismology. 
Therefore,  methods  developed  for  the  analysis  of  earthquake  data  (multiple 
filtering,  polarization  analysis,  seismic  coda  analysis)  may  be  applicable  to  the 
processing  of  these  unique  records,  with  the  advantage  of  having  200-300  stations 
lined  up  along  the  direction  of  wave  propagation. 

Correlation  of  Seismic  Phases 


The  data  from  the  shotpoint  123  (Fig.  3)  show  clear  first  Pg  arrivals  with 
apparent  velocity  about  5.8  km/s  at  offsets  of  0-200  km  in  the  NW  and  0-300  km  in 
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the  SE  directions.  Pg  is  replaced  by  strong  Pn  first  arrivals  with  apparent  velocities 
8.0-8.5  km/s.  In  the  NW  part  of  the  profile  we  distinguish  two  Pni  and  Pn2  events, 
corresponding  to  a  refraction  in  a  layered  mantle.  The  Pnl  event  has  apparent 
velocities  8.0-8.2  km/s  and  is  seen  in  the  offset  range  200-800  km,  while  Pn2  with 
apparent  velocity  8.4-8.5  km/s  appears  at  an  offset  of  600  km,  becomes  a  first  arrival 
at  800  km  and  is  strong  to  the  end  of  the  profile.  In  the  second  arrivals,  we  observe  a 
strong  event  at  offsets  860-1130  km  near  the  NW  end  of  the  profile  (at  approximately 
17  sec  in  Fig.  3).  The  event  may  be  associated  with  an  upper  mantle  reflection.  Closer 
to  the  shotpoint,  we  see  a  complicated  wave  pattern  in  the  second  arrivals  at  the 
offset  range  170-650  km  in  the  NW  and  250-700  km  in  the  SE  directions.  In  this 
section  of  the  shot  gather  we  recognize  PmP  and  apparently  a  deeper  mantle 
reflection  (marked  PmiP).  At  later  times,  Sn  (apparent  velocity  4.6-4.8  km/s)  and  Lg 
(apparent  velocity  3.2  km/s)  can  be  traced  to  the  NW  end  of  the  profile.  The 
waveforms  of  the  Sn  and  especially  Lg  waves  become  progressively  more  diffuse 
with  increasing  offset.  This  change  in  the  waveforms  must  be  relaled  to  the 
scattering  and  the  dispersion  of  the  Lg  wave.  Multiple  filtering  of  transverse 
components  of  selected  records  with  the  best  signal /noise  ratio  indicates  the  Lg 
wave  dispersion.  To  the  SE,  the  Lg  phase  is  not  seen  and  Sn  is  weak  after  the  Ural 
Mountains.  Unfortunately,  the  data  quality  is  poor  in  this  part  of  the  profile  and  the 
field  records  are  shorter.  Finally,  at  small  offsets  (0-100  km  in  the  NW  direction)  we 
observe  short-period  Rayleigh  wave  Rg  with  apparent  velocity  about  1. 9-2.0  km/s. 

The  analysis  of  the  shot  gather  for  tie  shotpoint  213  (the  middle  PNE,  Fig.  4) 
shows  again  all  the  seismic  phases  described  above.  A  remarkable  feature  is  the 
disappearance  of  the  Lg  phase  behind  the  Ural  Mountains.  Thus,  from  the 
preliminary  analysis  of  the  shot  gathers  we  infer  evidence  for  Lg-wave  blockage 
under  the  Ural  Mountains.  This  conclusion,  however,  still  is  to  be  supported  by  the 
study  of  the  third  PNE  along  the  same  profile,  by  quantitative  analysis  of  seismic 
attenuation  and  by  modeling. 

Preliminary  modeling. 


The  modeling  of  seismic  wave  propagation  (especially  Lg)  across  the  contacts 
of  different  geological  structures  requires  the  use  of  2-  or  3-  dimensional  velocity 
models.  As  a  starting  model  for  our  preliminary  ray  tracing  we  used  2-dimensional 
crustal  P-wave  velocity  model  proposed  used  in  the  center  GEON  (Solodilov,  1994). 
Adjusting  the  mantle  velocities  to  achieve  a  fit  of  the  picked  Pn  and  PmP  travel 
times,  we  obtained  a  velocity  model,  which  suggests  an  upper  mantle  P-wave 
velocity  discontinuity  under  the  Ural  Mountains.  Figure  2  shows  the  P-wave 
velocity  model,  rays  traced  for  the  shotpoint  123,  and  corresponding  travel  time  fit. 

The  use  of  the  velocity  model  in  Fig.  2,  however,  requires  a  certain  degree  of 
caution.  The  model  was  obtained  bv  trial-and-error  forward  modeling  and 
adjustment  of  parameters  in  order  to  t  break  times.  Whether  the  small  blocks 
shown  in  Fig.  2  can  be  really  resolved  pendently  has  not  been  determined.  The 
detailed  velocity  structure  with  an  abundance  of  velocity  contrasts  will  cause 
difficulties  in  the  modeling  of  surface  wave  propagation.  Therefore,  one  of  the 


immediate  purposes  of  our  study  now  is  to  obtain  a  relevant  P-  and  S-wave  velocity 
model  and  to  estimate  its  resolution.  Seismic  tomography  (e.g.,  Ammon  and  Vidale, 
1993)  provides  one  of  possible  means  to  determine  such  a  model. 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  identification  of  a  number  of  seismic  phases  in  the  PNE  shot  gathers, 
especially  Lg  and  Sn/  and  observation  of  the  possible  Lg  blockage  at  the  Ural 
Mountains  will  enable  us  to  contribute  in  the  solution  of  a  number  of  important 
questions: 

1)  the  characteristics  of  Lg  wave  propagation  in  different  tectonic  structures  and 
across  their  contacts; 

2)  the  nature  of  Lg  blockage; 

3)  the  use  of  Lg/Pn  and  Lg/Sn  as  regional  discriminants. 

After  practically  all  preliminary  processing  of  the  data  has  been  done,  we  plan  to 
proceed  with  advanced  analysis  of  the  data.  This  analysis  will  pursue  the  following 
general  lines: 

1)  quantitative  analysis  of  the  dispersion  of  Lg  waves; 

2)  the  inversion  for  the  P-  and  S-wave  crustal  and  upper  mantle  velocity  structure 
using  seismic  tomography  techniques  (using  the  PNEs  as  well  as  all  chemical  shots); 
analysis  of  the  resolution  of  the  resulting  velocity  model; 

3)  the  analysis  of  seismic  attenuation  along  the  profile; 

4)  modeling  of  Lg  wave  propagation  across  the  boundaries  of  the  geological 
structures  crossed  by  the  profile. 


References 


Ammon,  C.J.  and  j  Vidale,  1993.  Tomography  without  rays:  Bull.  Seismol.  Soc.  Am., 
83, 509-528. 

Benz,  H.M.,  J.D.  Unger  and  M.S.  Leith,  1992a.  Deep  seismic  sounding  in  northern 
Eurasia:  interpretation  of  the  Murmansk-Kizil  ultra-long-range  profile.  In: 
Proc.  of  the  14th  PL/DARPA  Seismic  Research  Symposium.  (Eds.  J.F. 
Lewkowicz,  J.M.  McPhetres):  17  Aug.  1992,  pl-tr-92-2210,  ADA256711. 

Benz,  H.M.,  J.D.  Unger,  M.S.  Leith,  W.D.  Mooney,  L.  Solodilov,  A.V.  Egorkin  and 
V.Z.  Ryaboy,  1992b.  Deep  seismic  sounding  in  northern  Eurasia:  EOS,  Trans. 
Am.  Geophys.  Union,  73,  297. 

Mechie,  J.,  A.V.  Egorkin,  K.  Fuchs,  T.  Ryberg,  L.  Solodilov  and  F.  Wenzel,  1993.  P- 
wave  mantle  velocity  structure  beneath  northern  Eurasia  from  long-range 
recordings  along  the  profile  Quartz:  Phys.  of  the  Earth  and  Plan.  Int.,  79,  269- 
286. 


Solodilov,  L,  1994.  Personal  communication. 

Zonenshain,  L.P.,  M.I.  Kuzmin  and  L.M.  Natapov,  1990.  Geology  of  the  USSR:  A 
Plate-Tectonic  synthesis.  In:  B.M.  Page  (Ed.),  Am.  Geophys.  Union 
Geodynamics  Ser.,  21;  242  pp. 


258 


Sf'dis^sTiTXPdla^Vel<f ' ?  m0jel  f0r  lhe  Profile  "Quartz"  (see  the 

^“emay  re<uire  * 


text  for 
in  our 


Fig.  3.  The  first  200  sec.  of  the  reduced  vertical  component  record  section  for  the 
shotpoint  123  (the  northwestern  PNE).  The  reduction  veiocity  is  8.2  km/s.  The  Lg 
and  Sn  arrivals  can  be  traced  to  the  MW  end  of  the  profile.  In  the  SE  direction  the  Lg 
appears  to  be  blocked  by  the  Ural  Mountains. 
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Fig.  4.  The  first  200  sec.  of  the  reduced  vertical  component  record  section  for  the 
shotpoint  213  (the  middle  PNE).  The  reduction  velocity  is  8.2  km/s.  The  Lg  arrival 
becomes  indistinguishable  after  crossing  the  Ural  Mountains.  Note  the  same  feature 
of  the  Lg  arrival  in  the  SE  end  of  the  shot  gather  for  the  shotpoint  123  (Fig.  3). 
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Objective 

It  has  long  been  recognized  that  the  most  effective  means  for  evading  the 
detection  of  a  clandestine  underground  nuclear  test  is  to  detonate  the  explosion  in 
a  cavity  which  is  large  enough  to  substantially  decouple  the  radiated  seismic 
signal.  In  this  project  we  are  working  with  scientists  from  the  Russian  Institute 
for  Dynamics  of  the  Geospheres  (IDG)  to  integrate  the  U.S.  and  Russian  data  and 
modeling  experience  into  a  uniform  database  on  cavity  decoupling.  The  objective 
of  the  study  program  is  to  validate  a  quantitative  prediction  capability  which  can 
be  used  by  the  seismic  verification  community  to  evaluate  the  plausibility  of 
various  cavity  decoupling  evasion  scenarios. 


Research  Accomplished 

In  this  initial  phase  of  the  investigation,  the  research  effort  has  focused  on 
the  analysis  of  data  recorded  from  an  extensive  series  of  Russian  HE  decoupling 
tests,  an  evaluation  of  the  importance  of  radiation  diffusion  on  nuclear  cavity 
decoupling  effectiveness  and  on  analyses  of  seismic  data  recorded  from  six 
Russian  nuclear  tests  conducted  in  a  water-filled  cavity  at  Azgir.  The  HE 
decoupling  tests  consisted  of  a  series  of  22  tamped  and  cavity  explosions 
conducted  in  a  mine  in  the  Tywya  Mountains  of  Kirghizia  in  the  summer  of  1960. 
The  tests  were  conducted  in  hard,  homogeneous  limestone  in  chambers  excavated 
from  alcoves  constructed  off  the  sides  of  the  main  access  tunnel  to  the  mine.  The 
decoupled  tests  were  conducted  in  spherical  cavities  having  diameters  ranging 
from  about  3.5  to  10  m,  as  well  as  in  nonspherical  cavities  with  volumes  of  about 
25  m3.  The  approximate  locations  of  these  various  test  chambers  with  respect  to 
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the  main  access  tunnel  are  shown  in  Figure  1,  where  it  can  be  seen  that  the 
maximum  separation  between  them  is  less  than  150  m. 


The  experiments  consisted  of  10  tamped  and  12  decoupled  explosions 
having  yields  of  0.1,  1.0  and  6.0  tons.  Hie  explosives  consisted  of  ammonium 
nitrate,  except  for  the  two  6.0  ton  tests  which  utilized  a  mix  of  TNT  and 
ammonium  nitrate.  For  the  cavity  tests,  the  explosives  were  suspended  in  the 
chambers  and  included  cases  in  which  the  explosives  were  positioned  in  the  center 
of  the  cavity,  as  well  as  cases  in  which  they  were  positioned  off-center,  near  the 
cavity  wall.  Seismic  data  were  recorded  from  these  tests  at  locations  in  the  mine 
over  a  distance  range  extending  from  about  10  to  250  m.  Peak  amplitudes  of 
displacement  and  velocity  have  been  reported  for  over  250  of  these  recording 
locations  and  these  data  should  provide  valuable  insight  into  the  dependence  of 
decoupling  effectiveness  on  variables  such  as  cavity  volume  and  shape.  For 
example,  the  peak  displacement  data  observed  from  the  1.0  ton  decoupled  test 
conducted  in  a  spherical  cavity  with  a  radius  of  2.88  m  are  shown  in  Figure  2 
where  they  are  compared  with  the  corresponding  peak  displacement  data 
observed  from  the  two  1.0  ton  tamped  tests.  It  can  be  seen  that  these  data  suggest 
a  peak  displacement  decoupling  factor  of  about  10  in  this  case.  Spectral  analyses 
of  the  corresponding  digitized  waveform  data  are  currently  in  progress  and 
preliminary  results  suggest  a  maximum  low  frequency  decoupling  factor  of  the 
order  of  40  to  50  for  this  1 .0  ton  test. 

With  regard  to  the  modeling  of  nuclear  explosions  in  air-filled  cavities, 
Glenn  et  al.  (1994)  have  recently  suggested  that  the  inclusion  of  radiation 
diffusion  effects  can  have  a  significant  influence  on  the  computed  seismic  source 
function.  In  order  to  further  investigate  this  issue,  we  have  carried  out  a  series 
of  coupled  radiation/hydrodynamic  finite  difference  simulations  of  a  380  ton 
nuclear  explosion  in  a  17  m  radius  air-filled  cavity  in  salt  (i.e.,  STERLING). 
The  calculations  were  performed  with  and  without  radiation  and  over  a  wide 
range  of  air  opacities,  using  the  ZOOS  Lagrangian  coupled 
radiation/hydrodynamics  code.  Figures  3  and  4  show  comparisons  of  typical 
pressure  and  impulse  time  histories  at  a  range  of  25  m  from  the  center  of  the 
cavity,  computed  with  and  without  radiation.  The  pressure  time  histories  show 
the  reverberations  that  are  characteristic  of  explosions  in  air-filled  cavities  and  it 
can  be  seen  that  the  principal  effect  of  radiation  is  a  small  change  in  the  timing  of 
these  reverberations.  That  is,  radiation  causes  a  small  amount  of  salt  to  be 
vaporized  near  the  cavity  wall,  causing  dispersion  of  the  shock  wave  and  a  slight 
delay  in  the  timing  of  the  reverberations.  As  can  be  seen  from  Figure  4,  this 
effect  also  causes  a  very  small  reduction  in  the  amplitude  of  the  impulse  at  this 
range.  In  an  attempt  to  bound  these  radiation  effects,  calculations  were  also 
performed  in  which  the  nominal  air  opacity  was  reduced  by  factors  of  10,  100 
and  1000.  It  was  determined  that  changes  in  opacity  over  this  range  resulted  in  a 
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maximum  reduction  of  less  than  3  percent  in  the  computed  impulse  at  the  25  m 
range.  Thus,  our  results  do  not  support  the  hypothesis  that  radiation  has  a 
significant  influence  on  the  computed  decoupling  effectiveness  of  nuclear 
explosions  in  air-filled  cavities. 


During  the  period  1975  to  1979,  the  Russians  conducted  a  series  of  nuclear 
tests  in  salt  at  Azgir  in  the  cavity  created  by  the  25  kt  tamped  explosion  of 
7/01/68.  The  tamped  explosion  was  detonated  at  a  depth  of  597  m  and  produced 
a  roughly  spherical  cavity  with  a  maximum  horizontal  radius  of  32.5  m. 
Following  the  detonation,  the  cavity  filled  with  water  and  the  six  subsequent 
nuclear  tests  at  that  site  were  conducted  in  the  water-filled  cavity.  The  yields  of 
these  tests  varied  over  a  range  of  approximately  a  factor  of  50,  up  to  a  maximum 
yield  of  about  1  kt.  The  two  largest  of  these  explosions  were  detected 
teleseismically  and  have  been  assigned  mb  values  in  the  4.5  to  5.0  range.  Thus, 
since  a  fully  tamped  1  kt  explosion  at  Azgir  corresponds  to  an  mb  value  of  4.5  or 
less,  these  tests  were  not  decoupled  and,  in  fact,  showed  enhanced  coupling,  at 
least  over  some  frequency  bands.  This  appears  to  be  due  to  the  response 
characteristics  of  the  water  in  the  cavity  and  preliminary  theoretical  simulation 
results  show  a  cavity  resonance  effect  which  is  associated  with  enhanced  coupling 
in  the  short-period  band  with  respect  to  that  expected  from  a  fully  tamped 
explosion  of  the  same  yield  in  salt.  As  part  of  the  testing  procedure,  the  cavity 
condition  was  resurveyed  after  selected  tests  and  the  observed  configuration  after  I 
the  fourth  of  the  cavity  shots  is  summarized  graphically  in  Figure  5,  which  also 
shows  a  subsurface  geologic  profile  of  the  site  down  to  source  depth.  It  can  be 
seen  that  the  cavity  remained  basically  intact  under  the  repeated  testing  in  this 
case,  although  the  depth  to  the  bottom  was  observed  to  decrease  over  time  by 
about  1  m  due  to  spallation  of  material  off  the  upper  cavity  walls.  As  is  indicated 
in  Figure  5,  motion  measurements  were  made  in  the  borehole  for  the  cavity  tests 
and  seismic  measurements  were  made  on  the  surface  in  the  distance  range 
extending  from  ground  zero  to  approximately  100  km.  These  data  have  been 
digitized  at  IDG  and  they  are  now  being  analyzed  to  define  the  yield  and 
frequency  dependence  of  the  seismic  response  of  this  cavity. 


Conclusions  and  Recommendations 


Over  the  past  year,  we  have  been  working  with  scientists  from  the  Russian 
Institute  for  Dynamics  of  the  Geospheres  (IDG)  in  an  attempt  to  integrate  the 
U.S.  and  Russian  data  and  modeling  experience  on  cavity  decoupling.  Current 
research  activities  focus  on  the  analysis  of  data  recorded  from  an  extensive  series 
of  Russian  HE  decoupling  tests,  a  theoretical  evaluation  of  the  importance  of 
radiation  diffusion  on  nuclear  cavity  decoupling  effectiveness  and  an  analysis  of 
seismic  data  recorded  from  six  Russian  nuclear  tests  conducted  in  a  water-filled 


cavity  in  salt  at  Azgir.  The  HE  decoupling  tests  were  conducted  in  a  mine  in 
Kirghizia  in  1960  and  included  tests  in  mined  spherical  cavities  in  limestone 
having  diameters  ranging  from  about  3.5  to  10  m,  as  well  as  tests  in  nonspherical 
cavities  of  comparable  volume.  Peak  amplitude  decoupling  factors  of  about  10 
were  observed  in  these  tests  and  preliminary  spectral  analysis  results  suggest 
corresponding  maximum  low  frequency  decoupling  factors  in  the  40  to  50  range. 
A  series  of  coupled  radiation/hydrodynamic  theoretical  simulations  of  the 
STERLING  test  configuration  have  been  conducted  in  an  attempt  to  assess  the 
effects  of  radiation  on  the  computed  seismic  source  function.  Our  results  indicate 
that  the  inclusion  of  radiation  diffusion  effects  has  a  very  small  influence  on  the 
computed  decoupling  effectiveness  of  nuclear  explosions  in  air-filled  cavities. 
Finally,  preliminary  analyses  of  data  recorded  from  the  series  of  six  nuclear  tests 
in  the  water-filled  cavity  at  Azgir  indicate  that  these  tests  were  not  decoupled  and, 
in  fact,  showed  enhanced  coupling,  at  least  over  some  frequency  bands. 
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Figure  1.  Relative  locations  and  configurations  of  the  various  test  chambers 
used  for  the  Kirghizia  HE  decoupling  test  series. 


Figure  2.  Comparison  of  peak  displacement  data  observed  from  1 .0  ton 
tamped  and  cavity  decoupled  HE  tests  at  Kirghizia. 
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Figure  5.  Schematic  drawing  illustrating  the  cavity  condition  following  the 
fourth  Soviet  nuclear  test  in  the  water-filled  cavity  at  Azgir.  The  section  at  the 
left  shows  the  subsurface  geologic  profile  down  to  shot  depth  at  this  site. 
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In  this  study  we  investigate  earthquakes  with  reported  source  mechanisms  that  contain  a  large 
non-double-couple  (NDC)  component.  Our  objectives  are  to  constrain  the  observational 
characteristics  of  naturally  occurring  earthquakes  with  NDC  source  mechanisms,  and  to 
determine  the  nature  of  systematic  errors  afflicting  moment  tensor  determination.  The 
fundamental  questions  motivating  this  research  are:  1)  Do  earthquakes  with  NDC  mechanisms 
possess  complexity  in  the  source  time  function  not  attributable  to  surface  reflections  or  other 
propagation  effects?  2)  To  what  extent  are  reported  NDC  mechanisms  due  to  systematic  errors 
in  the  source  determination  process?  and  3)  How  can  we  distinguish  earthquakes  with  genuine 
NDC  mechanisms  from  earthquakes  with  poorly  determined  or  anomalous  sources,  and  from 
explosions?  Although  our  research  currently  focuses  on  seismic  events  with  magnitude  Mw  ~ 
5.5  and  larger,  we  expect  that  this  research  ultimately  will  help  to  reduce  erroneous 
characterization  of  natural  and  manmade  seismic  events  of  smaller  magnitude. 


RESEARCH  ACCOMPLISHED 


The  moment  tensors  for  many  earthquakes  reported  in  the  Harvard  centroid  moment  tensor 
(CMT)  catalog  cannot  be  explained  solely  as  being  due  to  slip  along  a  simple  planar  fault.  The 
most  likely  explanation  for  such  NDC  sources  is  that  they  are  caused  when  two  or  more 
subevents  with  appropriately  different  focal  mechanisms  occur  nearly  simultaneously.  However, 
systematic  errors  in  the  determination  of  the  moment  tensor  may  also  cause  large  apparent  NDC 
components.  We  organize  this  investigation  into  two  stages:  a)  Analysis  of  source-time 
complexity  for  earthquakes  with  CMT  having  large  NDC  components;  and  b)  Comparison  of 
moment  tensors  determined  from  regional  and  teleseismic  data. 

Source  Time  Complexity  of  Earthquakes  with  Large  NDC  Components 

We  examine  the  nature  of  NDC  sources  by  investigating  earthquakes  in  groups  which  possessed 
at  least  one  event  with  a  well  determined  NDC  component  and  one  or  more  nearby  earthquakes 
with  well-detemined  double-couple  mechanisms.  By  jointly  studying  nearby  events  is  it  allows 
us  to  identify  apparent  source  complexity  attributable  to  near-source  structure.  We  have 
identified  35  recent  earthquakes  in  the  CMT  catalog  which  possess  well  determined  NDC 
components  and  which  have  double-couple  companions  occurring  within  200  km. 


Our  approach  for  each  group  of  earthquakes  is  to  compare  geometric  ray  theory  synthetics 
generated  for  a  simple  triangular  source  time  function  with  broadband  displacement  waveforms 
from  available  IRIS  stations  (Figure  1).  When  the  comparison  reveals  a  good  match  the  event  is 
"simple,"  when  there  are  obvious  unmatched  arrivals  the  event  is  "complex."  Our  intent  is  to 
investigate  whether  NDC  events  exhibit  complexity  more  often  than  the  nearby  double-couple 
events.  In  Figure  1  the  match  between  synthetics  and  obsevations  is  quite  good  for  both  the 
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NDC  event  and  the  first  double-couple,  although  for  the  NDC  at  all  three  stations  there  is  some 
indication  of  an  unmatched  arrival  about  5-10  seconds  after  the  initial  arrival.  However,  the 
second  double-couple  event  clearly  is  complex,  as  at  least  three  late  arrivals  unmodeled  by  the 
simple  triangular  source  are  evident  at  all  three  stations.  Note  that  the  observed  complexity 
cannot  be  attributed  to  near-station  structure,  since  it  is  present  at  all  three  stations.  Also,  it  is 
improbable  that  it  is  due  to  near-source  structure  since  it  does  not  occur  for  the  second  event,  and 
since  the  hypocenters  of  the  second  and  third  event  are  situated  only  298  km  and  273  km, 
respectively,  from  the  NDC  event. 

We  are  currendy  processing  numerous  groups  of  events  using  procedures  similar  to  those 
illustrated  in  Figure  1.  For  each  event,  we  bandpass  filter  the  records  into  long  period  (0.006- 
0.02  Hz),  mid-period  (0.02-1.  Hz),  and  short  period  (1.-4.  Hz)  frequency  bands  for  comparison. 
We  make  comparisons  for  as  many  well-recorded  phases  as  are  available,  including  phases  such 
as  ScP  and  PKP  which  are  often  well-recorded  at  the  higher  frequencies.  From  this  analysis  we 
will  investigate  what  fraction  of  NDC  and  double-couple  sources  possess  identifiable  subevents, 
and  how  this  depends  on  event  magnitude,  focal  depth,  or  tectonic  setting. 

Comparison  Of  Source  Mechanisms  Determined  From  Regional  And  Teleseismic  Data 

Our  basic  approach  is  to  determine  moment  tensors  by  comparing  synthetic  seismograms  and 
observations  of  events  with  reported  NDC  sources  using  a  grid  search  method  to  find  the 
moment  tensor  which  best  fits  the  available  data.  For  this  study  we  have  separately  determined 
best-fitting  mechanisms  for  three  types  of  data,  (1)  teleseismic  vertical-component  data;  (2) 
regionally  recorded  three-component  broadband  data;  and  (3)  both  teleseismic  and  regional  data 
combined. 

To  determine  the  moment  tensor,  we  first  determine  the  best-fitting  double-couple  by  performing 
the  grid  search  over  the  strike,  dip  and  rake  of  possible  focal  mechanisms.  Then,  we  determine 

the  NDC  component  by  adding  a  second  double-couple  with  relative  strenth  e  having  the  same 
three  principal  axes  as  the  best-fitting  double-couple,  but  with  the  T  and  B  axes  exchanged.  We 
generate  both  teleseismic  and  regional  synthetics  using  a  reflectivity  method.  For  regional 
waveform  data  (Figure  2)  we  relocate  the  event  prior  to  final  determination  of  the  source 
parameters  by  searching  for  the  location  most  consistent  with  waveforms  from  individual 
stations  (Zhao  and  Helmberger,  1994). 

For  example,  for  the  northern  California  earthquake  of  26  April  1992,  we  find  that  the  best¬ 
fitting  moment  tensors  determined  for  teleseismic,  regional,  and  combined  data  all  have 
approximately  the  same  P  and  T  axes  as  the  CMT  reported  by  Harvard  (Figure  3  and  Table  1). 
Furthermore,  in  each  case  the  size  of  the  NDC  component  we  determine  seems  statistically  well- 

constrained  since  the  relative  error  increases  by  5-10%  as  the  parameter  e  is  changed  by  0.1. 
However,  there  is  a  significant  discrepancy  between  the  value  for  the  NDC  component  as 
determined  by  the  various  methods,  and  all  three  of  our  determinations  differ  from  the  Harvard 
CMT.  Clearly,  the  shape  of  the  relative  error  curves  is  not  indicative  of  the  true  uncertanties  in 
the  size  of  the  NDC  components. 

We  are  currently  applying  these  methods  to  a  number  of  earthquakes  for  which  we  have  adequate 
data  from  both  teleseismic  and  regional  stations,  including  several  events  in  California. 
Generally  our  preliminary  results  find  a  somewhat  smaller  NDC  component  than  reported  in  the 
Harvard  catalog  (Table  1).  In  addition,  when  we  attempt  to  find  the  NDC  component  using  data 
from  only  a  few  regional  stations  the  "ize  of  the  NDC  component  varies  depending  on  the 
location  chosen  for  the  event. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


We  are  currently  investigating  earthquakes  with  a  large  reported  NDC  component  using  both 
teleseismic  and  regional  broadband  data.  We  have  demonstrated  that  the  application  of  a  grid- 
search  method  for  comparing  of  synthetic  data  and  observations  is  an  efficient  scheme  for 
exploring  how  source  mechanisms  depend  on  the  available  data.  Our  ongoing  research  focuses 
on  determining  the  origin  of  differences  between  NDC  source  components  as  determined  from 
regional  and  from  teleseismic  data  We  are  currently  identifying  NDC  earthquakes  having 
source-time  functions  consisting  of  multiple  subevents,  as  these  may  require  a  different 
explanation  than  events  with  "simple"  sources. 
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Table  1.  Comparison  of  Harvard  CMT  and  results  determined  in  this  study  for  the 
northern  California  earthquake  of  26  April  1992 


Paxis 

Taxis 

Moment 

strike 

plunge 

strike 

plunge 
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348° 

5° 

80° 

16° 

5.96 

353° 
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16° 

8.65 

139° 
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12° 

1.11 

140° 

8° 

233° 

18° 

7.92 

NDC  parameters  Data 
e  F  /clvd 

0.47  -0.82  -0.32  Harvard  CMT 
-0.08  0.19  0.08  Teleseismic  vertical 
-0.19  0.51  0.19  Regional  waveforms 
-0.10  0.25  0.10  Combined  data 
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Figure  3.  For  the  northern  California  earthquake  of  26  April  1992,  comparison  of  the  size  of 
NDC  component  determined  by  Harvard  with  that  determined  using  regional  data  alone, 
teleseismic  data  alone,  and  a  combined  data  set.  Relative  error  represents  increase  in  misfit 
between  data  and  synthetics  when  NDC  component  is  constrained  at  value  plotted  on  the 
horizontal  axis.  The  horizontal  axis  is  the  size  of  the  NDC  component  as  measured  by  three 

different  commonly  used  parameters;  these  are:  e  -  the  ratio  of  the  minor  and  major  double 
couples,  where  the  major  double  couple.has  the  strength  of  the  principal  moment  associated  with 

the  T  axis;  T  -  2.6  (determinant  of  the  moment  tensor  M)/(scalar  moment  of  M)^;./fclvd  -  ratio 
of  smallest  and  largest  principal  moments  of  M.  Focal  mechanisms  plotted  are  for  the  moment 
tensor  with  the  smallest  relative  error.  For  the  teleseismic  data  we  utilized  vertical-component 
data  from  seven  teleseismic  stations  at  distances  ranging  from  39°to  74°,  and  having  azimuths  in 
the  northern  half  of  the  focal  sphere.  For  the  regional  data  we  used  three-component  data 
recorded  at  two  stations,  BKS  and  STAN.  Note  that  the  four  mechanisms  all  possess 
approximately  the  same  P  and  T  axes,  but  that  there  are  significant  differences  in  the  size  and 
polarity  of  the  NDC  component 
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Objective 

The  objective  of  this  study  has  been  the  development  and  application  of  a  new  method  for 
numerically  modelling  seismic  wavefields  in  arbitrarily  heterogeneous  media  in  the  regional 
distance  range.  The  emphasis  of  the  method  is  on  the  accurate  representation  of  signal 
types  important,  or  potentially  important,  for  event  discrimination.  The  method  is  based 
on  the  Fourier  pseudospectral  method  in  order  to  minimize  the  large  storage  requirements  of 
numerical  modelling  in  3-D.  Our  approach  has  been  to  extend  the  regular  Fou  ier  method, 
which  intrinsically  admits  wavefield  synthesis  in  a  periodic  domain,  to  produce  a  generalized 
Fourier  method  that  is  capable  of  accurately  representing  wavefields  in  media  with  surfaces 
of  discontinuity.  Using  a  general  coordinate  transformation  in  the  integral  formulation, 
surface  topography  and  irregular  material  interfaces  may  be  included.  By  testing  the  method 
against  known  analytical  and  accurate  modal  and  numerical  methods  for  simple  problems, 
the  method’s  accuracy  is  evaluated  for  the  important  signals  in  the  wavefield.  The  method 
may  be  used  in  2-  or  3-D  to  systematically  study  the  energy  partitioning  between  important 
seismic  phases  for  anelastic  earth  structures  that  contain  strong  lateral  heterogeneities  and 
surface  topography. 


Research  Accomplished 

The  method  that  has  been  developed  and  tested  is  a  generalization  of  the  Fourier  pseu¬ 
dospectral  method.  In  this  approach,  a  wavefields’s  spatial  dependence  is  approximated  by 
a  truncated  series  of  harmonic  functions  and  the  expansion  coefficients  are  integrated  in  time 
as  in  a  finite  difference  method  [5].  In  the  new  method,  the  expansion  set  is  supplemented  by 
a  finite  set  of  functions  that  are  not  infinitely  differentiable  with  continuous  derivatives  like 
the  harmonic  functions.  This  discontinuous  set  synthesizes  the  discontinuous  or  rapidly  vary¬ 
ing  portion  of  the  wavefields’s  spatial  dependence,  leaving  a  smooth,  continuous  remainder 
whose  Fourier  series  representation  is  rapidly  convergent.  The  method  is  formally  expressed 
as  a  weighted  residuals  statement  of  the  weak  form  of  momentum  conservation.  Using  the 
weak  form,  the  boundary  conditions,  including  a  traction-free  surface,  are  explicitly  satisfied. 
The  integral  statement  is  evaluated  by  invoking  orthogonality  between  the  basis  functions, 
and  the  resulting  algebraic  system  is  solved  at  each  time  step  for  the  expansion  coefficients. 


Analytical  Formulation 

The  numerical  method’s  governing  equations  are  initiated  from  an  integral  statement  of 
momentum  conservation  with  surfaces  of  discontinuity  present.  In  the  following  derivation, 
Greek  subscripts  denote  spatial  coordinate  directions,  and  a  comma  before  a  subscript  in¬ 
dicates  a  derivative  with  respect  to  the  coordinate  whose  label  follows  the  comma.  The 
Einstein  summation  convention  is  assumed  unless  otherwise  indicated.  Consider  the  La- 
grangian  description  of  momentum  conservation  in  a  continuous  volume  V  bounded  by  a 
surface  of  discontinuity  S.  Boundary  conditions  exist  for  any  material  surface  across  which 
the  field  quantities  undergo  a  discontinuous  change  [4],  [1].  Let  the  bounding  surface  S 
have  an  outward  normal  unit  vector  n.  Then  a  jump  in  a  quantity  Q  across  S  is  defined  as 
IQJs  =  Q+  —  Q~  where  Q+  and  Q~  are  the  values  of  Q  immediately  near  S  on  the  positive 
and  negative  sides  of  n,  respectively.  From  now  on  we  neglect  the  subscript  S  on  double 
brackets,  understanding  that  all  jump  conditions  are  taken  across  surfaces  of  discontinuity. 
The  equation  of  momentum  conservation  for  the  volume  V  bounded  by  S  is 

f  [pua  -  tap#  -  fa]  dV  -  <£  {tQpnp\dS  =  0  (1) 

Jve(vns)  Js 

where  uQ  and  fa  are  the  components  of  particle  acceleration  and  body  force  density,  respec¬ 
tively,  in  the  a  coordinate  direction,  and  tap  is  the  stress  tensor.  The  symbols  ©  and  fi 
denote  the  set  theoretic  difference  and  intersection,  respectively  (  see  [1]  ).  In  the  following, 
V  —  S  is  used  to  abbreviate  VQ(V  fl  S).  Since  V  is  arbitrary  and  therefore  could  be  chosen 
to  exclude  S ,  the  integrals  in  (1)  are  zero  separately.  While  the  first  integral  provides  the 
differential  equation  of  momentum  equation  in  the  continuum,  the  second  integral  provides 
the  boundary  conditions:  Across  S  the  traction  jump  condition  is  n^J  =  0.  Note  that 
for  a  solid-liquid  interface,  tangential  components  may  contain  jumps  if  slip  occurs.  From  an 
analogous  treatment  of  the  energy  equation,  the  jump  condition  from  energy  conservation 
of  an  adiabatic  system  is  [uatapnp J  =  0.  Combined  with  the  traction  jump  condition  this 
becomes  lua}tapnp  =  0,  which  provides  the  jump  condition  on  particle  velocities. 

The  spatial  dependence  of  the  field  variables  is  approximated  by  a  finite  wave  num¬ 
ber  expansion  in  terms  of  orthogonal  functions  that  are  not  generally  the  eigenfunctions  of 
the  problem.  For  a  set  of  expansion  functions  6(k,x),  each  component  of  displacement  is 
expressed  as 

ua(x,t)  =  £t/a(M)fe(k,x) 

k 

=  UQ  -  b  (2) 

where  Ua  is  a  vector  of  expansion  coefficients  whose  components  are  the  coefficients  for  each 
wave  vector  k.  Throughout  the  following,  the  components  of  all  boldface  vector  functions  are 
components  in  the  wave  number  domain  unless  otherwise  indicated.  For  the  following  analy¬ 
sis  we  consider  a  linear  constitutive  relation  tap  =  Cap-yS  t-,6  with  strain  €^s  =  |  (u-y,s  +  u6,-y)-> 
but  in  general  CQp^s  can  be  an  integral  operator  incorporating  relaxation  and  viscous  terms. 
We  denote  the  strain  approximation  obtained  by  using  the  finite  expansion  of  (2)  with  the 
superscript  (6): 

€#  =  |  (U7  •  bs  +  U*  •  bi7)  (3) 
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Similarly,  the  corresponding  stress  approximation  is  t^p  =  Cap~,6  .  The  momentum  of 
the  system  with  these  finite  expansions  is  not  the  same  as  the  momentum  of  the  continuous 
system.  In  other  words,  the  lack  of  completeness  in  the  expansions  produces  an  error,  or 
residual,  in  momentum.  Therefore,  the  expansion  coefficients  of  the  field  variables  must  be 
chosen  to  satisfy  momentum  in  a  sufficiently  accurate  approximate  sense.  An  approximation 
that  makes  the  momentum  residual  orthogonal  to  a  specified  set  of  weighting  functions  is 
termed  a  weighted  residuals  approximation.  When  the  set  of  weighting  functions  is  the  same 
as  the  field  variables’  expansion  set,  the  approximation  is  referred  to  as  Galerkin’s  method. 
In  this  case,  the  error  is  made  orthogonal  to  the  expansion  set.  For  the  set  of  orthogonal 
basis  functions  b,  the  Galerkin  weighted  residuals  statement  of  momentum  conservation  is 


fvs  b*  [  p  b  •  (  J£ua)  -  t(b)a0,p  -  f?  ]w-fs  b’f  C  npjdS  =  0 


(4) 


The  jump  in  tractions  across  the  bounding  surface  S  incorporates  the  externally  applied 
tractions,  since  =  tQpnp  —  tap  np,  where  tQpnp  is  the  applied  traction  on  S  and 

ta0  np  is  the  finite  traction  expansion  on  S.  Since  the  jump  condition  on  displacements  is 
an  essential  boundary  condition,  it  must  be  satisfied  explicitly  by  the  basis  functions  rather 
than  as  an  integral  quantity.  The  weak  form  of  momentum  conservation  is  obtained  via 
integration  by  parts  of  the  second  term  in  (4),  and  the  governing  equation  for  the  numerical 
solution  becomes 


£_s[b*  p  b  •  (  J^Ua)  +  b;„  Cp  -  b*/Q  dV  =  £  b*  tap  np  dS 


(5) 


By  expanding  applied  forces  and  the  material  modulus  and  density  in  the  orthogonal  basis 
functions,  the  integrals  may  be  evaluated  analytically  by  invoking  orthogonality.  Then  the 
equation  may  be  solved  for  U0  at  discrete  time  steps  by  numerically  integrating  as  in  a  finite 
difference  method.  Because  the  mass  matrix  M  =  fv  b *pb>  b  dV  must  be  inverted  at  each 
time  step,  the  basis  functions  must  be  chosen  so  that  this  inversion  is  rapid.  For  the  case  of 
trigonometric  functions,  M  can  be  inverted  rapidly  using  the  Fast  Fourier  Transform  (  FFT 
),  which  requires  roughly  D  ■  NlogN  operations  with  N  wave  numbers  for  each  expansion  in 
D  dimensions. 

Consider  the  particular  case  of  trigonometric  basis  functions.  For  Cartesian  coordinates 
with  directional  unit  vectors  na,  a  =  1,2,3,  the  spatial  domain  volume  is  V\  —  n^Li  Xa, 
and  we  define  the  wave  vectors  k  =  kana  discretized  over  each  coordinate  length  Xa: 


k  = 

n,a 


2  irkn 

Xa 


—  <  ka  < 


2 


(6) 


For  each  coordinate  direction  we  define  a  set  of  Fourier  basis  functions  with  the  compact 
notation 


e(a)  =  (e'*aXa)  .  (  no  sum  on  a  ) 


(7) 


where  (  )jCa  denotes  the  set  of  functions  for  all  values  of  kQ.  For  an  expansion  of  the  dis¬ 
placement  component  up  in  the  basis  functions  of  (7),  we  define  the  expansion  coefficient 
set 


(a,ur  =  (U^(ka))i 


(8) 


7V 


so  that  the  Fourier  expansion  is 


e(a)  =  ^  Upe)(ka)e'kaX’*  (  no  sum  on  a  )  (9) 

The  product  of  1-D  Fourier  terms  is  combined  by  defining  an  unsubscripted  Fourier  basis 
vector  e  =  (e'kx)jc-  Then  the  Fourier  series  expansion  may  be  written  compactly  as 

up  =  e.  If  equation  (5)  were  solved  for  the  wave  number  coefficients  Ua,  then  the 
displacement  ua(x,t)  would  be  given  by  the  expansion  of  (2).  For  a  numerical  solution, 
however,  ua(x,t )  is  given  only  at  discrete  points  in  space.  The  continuous  space  x  =  j0na 
is  discretized  into  the  positions  jaAxana ,  with  Na  collocation  points  evenly  spaced  by  a 
distance  Axa  along  the  direction  a.  The  coordinate  lengths  are  Xn  =  NaAxa  (  no  sum  on  a 
).  The  solution  method  maps  a  set  of  wave  number  coefficients  U0  into  a  set  of  collocation 
values  UQ  whose  components  are  the  values  of  displacement  at  the  collocation  points.  The 
expansion  coefficients  are  related  to  the  collocation  values  by  a  discrete  transform: 

iyk)  =  irIX(n)<rit4  ;  V„  =  nN,  (10) 

N  n  7=1 


where  ha  =  naAxa.  Consider  a  collocation  representation  of  the  material  modulus: 
Ca^Cn)  =  Cap-ys{x)  .  If  the  modulus  is  expanded  in  a  Fourier  series  as  C('^(x)  = 

n  Ax 

Cap tyf  e,  the  discrete  transform  relationship  allows  the  continuous  modulus  to  be  represented 
as  the  trigonometric  interpolation  of  the  nodal  quantities: 


C'SmIx)  = 


VN 


n  k 


-ik(n-x) 


(11) 


With  an  analogous  expansion  of  the  material  density  and  applied  forces,  equation  (5)  with 
trigonometric  basis  functions  becomes  the  particular  case  of  the  Fourier  pseudospectral 
method.  Derivatives  in  the  governing  equation  are  computed  by  multiplying  the  wave  num¬ 
ber  coefficients  Ua{ k)  by  tk  and  performing  the  discrete  inverse  transform  with  an  FFT.  The 
collocation  values  UQ  are  obtained  at  each  time  step. 

A  valid  numerical  approximation  to  momentum  conservation  and  the  boundary  condi¬ 
tions  converges  towards  the  true  solution  as  the  order  of  the  approximation  is  increased. 
Even  for  a  convergent  approximation,  the  error  that  is  introduced  by  replacing  the  con¬ 
tinuous  function  tt(a:)  with  its  iV-th  order  truncated  Fourier  expansion  depends  upon  how 
rapidly  the  function’s  Fourier  coefficients  decay  to  zero.  By  denoting  the  7V-th  order  trun¬ 
cated  Fourier  expansion  of  u(x)  as  «Fjv[u(x)],  the  error  is  expressed  as 

K*)  -  <  E  |0(*)I  (12) 

1*1  >A72 

The  convergence  rate,  in  turn,  depends  upon  the  smoothness  and  continuity  properties  of 
the  function  u.  A  function  whose  m-th  derivative  is  discontinuous  is  referred  to  as  Cm- 1* 
continuous.  In  general,  a  function  that  is  Cm_i -continuous  has  a  Fourier  series  expansion 
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equations.  Column  vectors  are  denoted  with  braces,  as  (  )  ,  and  matrices  are  denoted  with 
square  brackets,  as  [  ].  For  convenience,  we  write  the  weak  form  of  momentum  conservation 
(4)  as 


where 


M  § 

Ua  -f-  Ka^  ■  —  Fa  4-  Tq 

(16) 

M  = 

/  b'p{b)bdv 

Jv 

(17) 

II 

a 

jvb-0CZ^b,6  dV 

(18) 

Fa  = 

f  b ~fadV 

Jv 

(19) 

Ta  = 

j>  b'ta0  np  dS 

(20) 

The  mass  matrix  M  and  stiffness  matrix  K0^  are  partitioned  as  follows: 


M  = 


M<«e) 

M<«) 


MM 

M<~) 


KQ7  = 


k<ee) 

ary 

K<«) 

or-y 


k(es) 

a~y 
O' y 


(21) 


Body  forces  and  tractions,  in  general,  may  be  applied  with  both  Fourier  and  supplementary 
terms: 


(22) 


The  system  of  equations  (16)  is  solved  for  the  collocation  values  U/j*  and  Ujj*  analogously 
to  the  system  described  earlier  for  the  purely  Fourier  method.  Anelastic  attenuation  may  be 
added  to  the  time-domain  formulation  as  per  Emmerich  and  Korn  [3]  or  Witte  and  Richards 
[8]. 

The  performance  of  the  generalized  pseudospectral  method  has  been  tested  for  a  traction- 
free  surface.  Let  the  surface  be  oriented  with  n  =  n3.  In  this  case  it  is  sufficient  to  use  the 
mixed  set  of  a  Fourier  expansion  plus  interface  functions  in  the  indirection  only;  in  the  other 
two  coordinate  directions  only  a  Fourier  expansion  is  used.  The  supplementary  basis  function 
becomes  s  =  e(1)  e(2)  d(3) .  Of  course  this  doesn’t  preclude  the  use  of  interface  functions  in  the 
other  coordinate  directions,  but  doing  so  at  this  point  unnecessarily  complicates  the  analysis. 
Indeed,  individual  cubes  (  in  cartesian  3-D  )  surrounded  by  surfaces  of  discontinuity  could 
be  coupled  together  with  the  boundary  conditions  to  generate  a  multi-domain  method,  as 
discussed  in  chapter  13  of  [2],  and  [7].  Combined  with  a  general  coordinate  transformation, 
highly  irregular  material  interfaces  may  be  created.  Since  the  Fourier  expansion  in  x3  is 
periodic  over  the  coordinate  length  X3,  the  endpoint  planes  at  x3  =  0  and  x3  =  X3  are 
identical  in  the  absence  of  the  interface  functions.  Decoupling  these  planes  with  the  interface 
functions  creates  two  surfaces,  one  at  x3  =  0  and  the  other  at  x3  =  X3.  One  may  think  of  the 
surfaces  after  decoupling  as  existing  immediately  next  to  one  another  but  separated  by  an 
infinitesimal  void.  The  interface  functions  must  be  chosen  so  that  the  boundary  conditions 
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equations.  Column  vectors  are  denoted  with  braces,  as  (  )  ,  and  matrices  are  denoted  with 
square  brackets,  as  [  ].  For  convenience,  we  write  the  weak  form  of  momentum  conservation 
(4)  as 


M  •  Jjj  Ua  +  Kc,-,  •  U-y  —  Fa  -f  T0  ( 16) 


Ul 

where 

M  = 

/  hmp[b)hdv 

Jv 

(17) 

K<r,  = 

Jvh^C(bXsh6  dV 

(18) 

Fa  = 

[  b -fadV 

Jv 

(19) 

f  a  = 

£  b  tip  dS 

(20) 

The  mass  matrix  M  and  stiffness  matrix  KQ7  are  partitioned  as  follows: 


M(e«)  M(  C«) 


K(ee)  KM 

^07  ^0(7 

K(«0  K<”) 

cry  a-y 


(21) 


Body  forces  and  tractions,  in  general,  may  be  applied  with  both  Fourier  and 
terms: 


supplementary 


(22) 


The  system  of  equations  (16)  is  solved  for  the  collocation  values  Ujg  and  U/j  analogously 
to  the  system  described  earlier  for  the  purely  Fourier  method.  Anelastic  attenuation  may  be 
added  to  the  time-domain  formulation  as  per  Emmerich  and  Korn  [3]  or  Witte  and  Richards 

[S]. 

The  performance  of  the  generalized  pseudospectral  method  has  been  tested  for  a  traction- 
free  surface.  Let  the  surface  be  oriented  with  n  =  n3.  In  this  case  it  is  sufficient  to  use  the 
mixed  set  of  a  Fourier  expansion  plus  interface  functions  in  the  x3-direction  only;  in  the  other 
two  coordinate  directions  only  a  Fourier  expansion  is  used.  The  supplementary  basis  function 
becomes  s  =  e(I)  e(2)  d(3) .  Of  course  this  doesn’t  preclude  the  use  of  interface  functions  in  the 
other  coordinate  directions,  but  doing  so  at  this  point  unnecessarily  complicates  the  analysis. 
Indeed,  individual  cubes  (  in  cartesian  3-D  )  surrounded  by  surfaces  of  discontinuity  could 
be  coupled  together  with  the  boundary  conditions  to  generate  a  multi-domain  method,  as 
discussed  in  chapter  13  of  [2],  and  [7].  Combined  with  a  general  coordinate  transformation, 
highly  irregular  material  interfaces  may  be  created.  Since  the  Fourier  expansion  in  x3  is 
periodic  over  the  coordinate  length  X3,  the  endpoint  planes  at  x3  =  0  and  x3  =  X3  are 
identical  in  the  absence  of  the  interface  functions.  Decoupling  these  planes  with  the  interface 
functions  creates  two  surfaces,  one  at  x3  =  0  and  the  other  at  x3  =  X3.  One  may  think  of  the 
surfaces  after  decoupling  as  existing  immediately  next  to  one  another  but  separated  by  an 
infinitesimal  void.  The  interface  functions  must  be  chosen  so  that  the  boundary  conditions 
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can  be  satisfied  on  both  of  these  surfaces.  Since  the  surfaces  are  essentially  back-to-back 
(  in  the  sense  of  having  been  decoupled  ),  displacement  discontinuities  must  be  allowed 
from  one  endpoint  plane  to  the  other.  In  addition  to  the  displacement  condition,  we  have 
boundary  conditions  on  tractions,  which  in  general  require  discontinuities  in  derivatives  of 
displacement.  Discontinuities  could  be  included  in  the  modulus  expansion,  but  wc  consider 
here  the  simpler  case  of  a  continuous  modulus  represented  by  a  Fourier  expansion.  The 
boundary  condition  is  handled  soleiy  by  discontinuities  in  the  expansion  of  the  strain  field. 
Evidently  the  boundary  conditions  require  that  the  interface  functions  remove  the  C_r  and 
Co-continuous  portions  of  the  wavefield.  Nevertheless,  adding  more  interface  functions  to 
make  a  smoother  remainder  inevitably  will  improve  the  solution.  We  find  that  by  including 
only  2  interface  functions,  one  that  is  C_i-continuous  and  the  other  that  is  Co-continuous, 
very  accurate  interface  waves  are  generated.  The  solution  can  be  improved  by  compressing 
the  computational  grid  near  the  interface  with  a  coordinate  transformation  so  that  the  grid 
spacing  is  smaller  near  the  interface. 

Using  the  new  method  with  only  a  single  C_i -continuous  function,  and  moderately  com¬ 
pressing  the  grid  near  the  traction-free  interface,  we  have  compared  the  solution  to  a  normal 
mode  solution  [6]  for  a  1  km  deep  explosive  source  in  the  structure  shown  in  Figure  (1). 
The  C-i  function  is  a  linear  term,  or  sawtooth.  A  high-velocity  cap  layer  was  included  in 
the  structure  at  a  depth  of  150  km  for  the  normal  mode  simulation,  and  the  results  were 
lowpass  filtered  with  a  corner  frequency  of  0.5  Hz.  The  time  series  from  the  two  methods 
at  a  source- receiver  distance  of  205  km  are  overlayed  in  Figure  (2)  to  compare  the  surface 
wave  dispersion.  Because  the  normal  mode  algorithm  has  cylindrical  symmetry  and  the 
pseudospectral  method  is  cartesian,  the  relative  body  wave  to  surface  wave  amplitudes  do 
not  match,  but  the  surface  waves  display  very  similar  dispersion  characteristics  when  scaled 
for  comparison. 


Conclusions 


We  have  developed  a  generalized  pseudospectral  method  that  can  accurately  simulate  elastic 
wavefields  in  anelastic  earth  structures  that  contain  sharp  material  interfaces.  Testing  the 
new  method  against  analytic  and  modal  methods  for  free  surface  problems  shows  excellent 
agreement  for  body  and  interface  wave  phases.  The  computational  requirements  of  the 
new  method  are  not  significantly  more  than  those  of  the  regular  Fourier  pseudospectral 
method.  By  using  a  general  coordinate  transformation  and  by  coupling  distinct  spatial 
domains  with  boundary  conditions,  wavefields  may  be  generated  in  the  presence  of  highly 
irregular  topographic  surfaces  and  interfaces. 

The  generalized  pseudospectral  method  is  being  applied  to  demonstrate  the  effects  of 
strong  lateral  heterogeneity  on  the  energy  partitioning  between  important  seismic  phases, 
such  as  Pg,  Lg,  and  Rg.  In  particular,  we  are  examining  varying  degrees  of  anelastic  losses 
and  scattering  due  to  random  inhomogeneities,  as  well  as  the  effects  of  strong  coherent  lateral 
variations  such  as  those  caused  by  sedimentary  basins,  faults,  or  crustal  transitions. 
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OBJECTIVE 

We  wish  to  determine  the  effect  of  seismic  anisotropy,  within  the  crust  and  uppermost 
mantle,  on  surface  waves  with  periods  between  10  and  30  seconds.  In  particular,  we  wish 
to  characterize  the  scattering  caused  by  lateral  variations  in  anisotropy  in  regions  of  past 
and  present  lithospheric  deformation.  This  path-dependent  scattering  can  distort  seismic 
waveforms,  and  make  more  difficult  the  discrimination  of  explosions  from  earthquakes. 
We  plan  to  identify  regions  of  the  Earth  where  scattering  associated  with  lithospheric 
anisotropy  is  important.  Data  from  regional  networks  and  arrays  located  in  Eurasia 
and  the  US  will  also  be  used  in  experiments  to  extract  ’scattered’  waveforms  from  the 
principal  Love  and  Rayleigh  wavepackets.  In  addition  to  standard  stacking/beamforming 
techniques,  we  will  apply  a  frequency-dependent  variant  of  the  MUSIC  algorithm  to 
identify  coherent  surface  waves  that  traverse  an  array.  We  plan  to  test,  in  selected 
areas,  whether  anisotropy  inferred  from  the  ’splitting’  of  1-20  second  shear  waves  is 
sufficient  to  explain  observed  Love  to  Rayleigh  scattering. 

RESEARCH  ACCOMPLISHED 

We  have  examined  the  effect  of  seismic  anisotropy  on  the  scattering  of  surface  waves 
in  continental  collision  zones,  many  of  which  occur  in  areas  of  nonproliferation  concern. 
We  have  approached  the  problem  from  three  angles,  1)  evidence  for  Love-Rayleigh  cou¬ 
pling  in  seismic  data  from  the  Tibetan  Plateau  and  Tien  Shan  region,  2)  theoretical 
investigation  of  the  effect  of  crust  and  upper-mantle  anisotropy  on  crustal  resonances, 
and  3)  wavelet-based  signal  processing  methods  for  estimating  the  polarization  of  coher¬ 
ent  seismic  energy  in  a  noisy  background. 

The  first  project  demonstrated  that  Love-Rayleigh  coupling  associated  with  elastic 
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anisotropy  in  the  uppermost  mantle,  which  had  been  observed  in  oceanic  settings  (Park 
and  Yu,  1993;  Yu  and  Park,  1994),  is  also  prevalent  in  an  actively  deforming  continental 
region.  We  investigated  surface  waves  propagating  across  the  Tibetan  Plateau,  based  on 
the  seismic  records  from  a  PASSCAL  portable  array  and  nearby  CDSN  stations  (Figure 
1).  Significant  long-period  quasi-Love  waveform  anomalies,  associated  with  fundamen¬ 
tal  Rayleigh-Love  coupling,  are  consistently  observed,  suggesting  that  strong  lateral 
gradients  in  azimuthal  anisotropy  exist  beneath  the  plateau.  More  intense  surface  wave 
scattering  is  observed  at  intermediate  periods  ( T  ~  50  s),  which  suggests  that  the  cause 
of  the  long-period  quasi-Love  waves  lies  in  the  upper  mantle,  not  the  thickened  crust 
of  the  plateau.  A  detailed  analysis  of  the  data  indicates  that  the  long-period  waveform 
anomalies  are  generated  beneath  the  central  Tibetan  Plateau,  where  the  structural  trend 
implies  deep  deformations  induced  by  continental  collision.  Figure  2  shows  an  example 
of  a  quasi-Love  wave  that  is  generated  in  the  central  Plataeu  as  the  Love  wave  trav¬ 
els  sourthard  along  the  PASSCAL  array.  The  absence  of  quasi-Love  anomalies  at  the 
westernmost  station  of  the  PASSCAL  array  (XIGA,  not  shown)  suggests  the  east-west 
extent  of  this  mantle  deformation  is  limited. 

The  quasi- Love  wave  observations  are  correlated  to  surface  geologic  deformation  fab¬ 
rics,  and  favor  an  anisotropic  upper-mantle  compression  zone  beneath  the  central-south 
Plateau.  The  intense  scattering  in  the  crustal  surface  waves  indicate  that  the  structure 
within  the  thickened  Tibetan  crust,  whether  anisotropic  or  isotropic,  is  more  complex 
than,  and  not  simply  correlated  with,  the  upper  mantle  structure.  This  is  probably 
due  to  the  different  ways  that  the  crust  and  lithosphere  accommodate  deformation. 
The  lithosphere,  though  stronger,  is  thought  to  experience  large-scale  bulk  deformation, 
which  tends  to  align  anisotropic  olivine  and  orthopyroxene  crystals  in  a  coherent  way 
within  a  large  volume  of  peridotite  rock.  The  upper  crust  deforms  largely  through  brittle 
failure,  so  that  anisotropy  due  to  large-scale  mineral  orientation  may  be  secondary  to 
bulk  anisotropy  caused  by  aligned  microcracks  and  a  complex  pattern  of  thrust  ramps. 
Recent  petrologic  work  in  exhumed  deep-crust  metamorphic  zones  (Ague,  1994ab)  sug¬ 
gests  that  such  effects  could  influence  seismic  velocity  structure  in  the  deep  crust  as 
well. 

Surface  deformation  features  associated  with  the  Tanggula  Shan  are  consistent  with 
the  strong  quasi-Love  observations  east  of  Lhasa.  Speculatively,  weak  quasi-Love  wave 
generation  in  the  western  and  northern  Plateau  may  be  due  to  the  volcanism  in  that 
region.  Arnaud  et  al.  (1992)  investigated  the  volcanism  at  the  west  and  north  of  the 
Plateau  and  concluded  that  the  rocks  are  very  similar  to  island-arc  volcanism,  which 
would  occur  if  south-dipping  subduction  occurs  at  the  northern  edge  of  Tibet.  Wa¬ 
ter  released  by  a  subducting  slab  would  lower  the  melting  temperature  in  the  overly¬ 
ing  mantle  wedge,  lower  its  seismic  velocity,  and  could  also  inhibit  the  development 
of  lattice-preferred-orientation  (LPO)  anisotropy  (Karato  et  al.,  1986).  Alternatively, 
temperature- related  annealing  may  retard  the  development  and  retention  of  LPO. 

Some,  but  not  all,  of  the  quasi-Love  observations  are  consistent  with  SKS  splitting 
observations  (McNamara  et  al,  1994).  Quasi-Love  waveforms  are  sensitive  primarily  to 
the  gradient,  not  the  absolute  level  of  anisotropic  properties.  Both  sets  of  observations 
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predict  a  strong  gradient  in  anisotropic  properties  in  central  Tibet.  However,  the  quasi- 
Love  waveforms  are  absent  from  records  collected  in  the  northern  plateau  for  northerly 
propagation  paths,  which  is  not  consistent  with  a  gradient  at  the  northern  edge  of  the 
plateau,  as  suggested  by  SKS  studies.  This  discrepancy  indicates  that  the  simple  models 
used  to  interpret  both  body  and  surface  wave  data  may  be  inadequate.  Either  significant 
P-wave  anisotropy  exists  under  the  plateau,  the  S-wave  anisotropy  does  not  possess  a 
uniformly  horizontal  symmetry  axis,  or  strong  east- west  gradients  in  anisotropy  bias  our 
data-synthetic  comparison. 

The  second  project  involved  developing  computer  code  for  the  reflection  and  trans¬ 
mission  of  plane  waves  in  layered  anisotropic  media  with  a  symmetry  axis  of  arbitrary 
orientation.  Our  previous  work  (Su  et  al,  1993;  Su  and  Park,  1994)  had  demonstrated 
that  a  Born  approximation  with  coupled  free  oscillations  could  be  used  successfully 
to  model  the  effects  of  anisotropy  on  body  waves,  in  particular,  to  model  shear-wave 
splitting.  Although  most  previous  modelling  studies  in  layered  media  specified  either  a 
vertical  or  a  horizontal  axis  of  symmetry  for  anisotropic  structure,  we  had  found  (Park, 
1993)  that  a  tilted  axis  of  symmetry  was  associated,  in  some  cases,  with  enhanced  Love- 
Rayleigh  coupling,  especially  the  overtone  surface  waves  which  combine  to  form  crustal 
guided  phases.  Such  anisotropic  geometry  might  be  expected  in  a  crust  whose  detailed 
velocity  structure  is  dominated  by  thrust  ramps  and  listric  normal  faults  e.g.  an  ac¬ 
tively  deforming  region.  We  have  started  to  convert  coupled-mode  codes  from  spherical 
to  plane-layered  geometry  in  order  to  model  such  effects  in  more  detail.  As  a  first  step,  we 
developed  a  convenient  formulation  for  reflection/transmission  in  a  stack  of  anisotropic 
layers  whose  axis  of  symmetry  is  arbitrary.  An  eigenvalue  problem  must  be  solved  in 
each  anisotropic  layer  for  the  vertical  wavenumber,  a  complication  not  encountered  in 
isotropic  media.  We  examined  the  potential  for  unusual  wave  conversions  in  such  media, 
as  a  possible  explanation  e.g.,  for  impulsive  arrivals  on  the  transverse  component  of  P- 
wave  coda  (Figure  3).  We  found,  in  this  particular  case,  only  weak  P-to-SH  conversion 
for  tilted  axes  of  symmetry,  unless  the  P  wave  arrives  at  relatively  shallow  incidence. 

The  third  project  addresses  a  problem  in  estimating  the  spectral  properties  of  seismic 
data  as  a  function  of  time.  Our  project  objectives  include  developing  methods  to  detect 
scattered  waves  within  a  seismic  array  or  sparse  network  using  MUSIC  or  related  algo¬ 
rithms.  Previous  experience  in  seismic  polarization  estimation,  however,  indicated  that 
near-receiver  scattering  tended  to  degrade  the  ability  to  detect  short-period  signals  un¬ 
less  the  time  window  analysed  was  also  short.  Fourier  transforms  of  short  time  windows, 
however,  distort  longer-period  signals.  The  wavelet  transform  scales  the  data  window 
with  the  period  of  the  signal  analysed,  and  so  (purportedly)  overcomes  this  conundrum. 
We  therefore  developed  spectrum  analysis  and  cross-correlation  tools  using  a  variant  of 
the  wavelet  transform,  for  use  in  array-processing  algorithms. 

Using  frequency-concentration  concepts  from  multiple-taper  spectral  analysis,  we  de¬ 
signed  a  sequence  of  mutually  orthogonal  wavelets  with  optimal  spectral  leakage  prop¬ 
erties.  We  call  these  discrete  functions  “Slepian  wavelets.”  A  family  of  Slepian  wavelet 
sequences  of  various  lengths  M  is  parameterized  by  the  dimensionless  time-bandwidth 
and  time-bandcenter  products  p  and  pc,  respectively,  with  p  <  pc.  For  time-bandwidth 
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product  p,  the  associated  Slepian  wavelet  family  has  approximately  4p  —  2  wavelets  with 
good  spectral  leakage  properties.  The  parameters  govern  the  passband  of  the  wavelets. 
If  p  <<  pc,  the  wavelets  are  frequency  concentrated.  If  p  ~  pc,  the  wavelets  are  time¬ 
concentrated.  The  most  sagacious  choice  of  parameters  will  depend  on  the  data  set 
analysed.  The  Slepian  wavelets  are  real-valued,  and  come  in  pairs  of  even  and  odd 
functions  with  similar  spectral  sampling  properties.  The  pairs  can  be  combined  into 
complex-valued  wavelets,  the  even  wavelet  as  the  real  part,  and  the  odd  wavelet  as  the 
imaginary  part. 

Multiwavelet  spectral  analysis  convolves  a  data  series  with  sets  of  Slepian  wavelets 
to  obtain  sets  of  eigenspectra  that  integrate  spectral  information  in  specified  rectangles 
in  the  time-frequency  plane.  Wavelet  eigenspectra  from  different  data  series  can  com¬ 
bined  into  a  multi  wavelet  transform  matrix  M,  from  which  the  spectral  density  matrix 
estimator  S (f,t)  =  •  M  can  be  calulated,  where  K  is  the  number  of  real- valued 

Slepian  wavelets  used.  The  singular  value  decomposition  (SVD)  of  M  identifies  cor¬ 
related  variance  among  the  data  series,  e.g.,  components  of  seismic  data  at  a  single 
observatory.  The  first  right  singular  vector  of  the  multiwavelet  transform  matrix  M  of 
three-component  seismic  motion,  identified  as  the  principal  polarization,  reconstructs 
the  particle  motion  ellipse  as  a  function  of  time  and  frequency.  The  first  left  singular 
vector  contains  the  coefficients  of  a  linear  combination  of  wavelets  that  reconstruct  the 
particle  motion  associated  with  the  principal  polarization. 

We  tested  the  multiwavelet  algorithm  with  data  from  three  earthquakes.  In  the 
first  example,  wavelet  polarization  analysis  captures  successfully  the  polarization  and 
dispersion  behavior  of  Love  and  Rayleigh  waves  in  data  from  a  shallow  earthquake. 
In  data  from  the  9  June  1994  deep  Bolivian  earthquake,  wavelet  spectrum  estimates 
identify  a  deficiency  in  the  P  wave,  relative  to  the  pP  phase,  of  spectral  energy  in  the 
3  <  T  <  5  period  range,  suggesting  either  unusual  scattering  or  attenuation  effects  in  the 
deep  slab  region,  or  a  Doppler  effect  associated  with  a  downward-propagating  moment 
release.  Multiwavelet  spectra  of  particle  motion  at  ARU  (Arti,  Russia,  A  =  120.8°) 
reveals  an  abrupt  increase  in  transverse-component  energy  roughly  13  seconds  after  the 
peak  energy  on  the  vertical  component,  suggesting  intense  scattering  at  least  100  km 
from  the  receiver  (Figure  3).  This  signal  occurs  at  ARU  in  data  from  several  other 
earthquakes,  and  could  be  caused  by  a  reflection  from  the  nearby  continental  suture 
associated  with  the  Ural  Mountains.  In  data  from  the  9  March  1994  deep  earthquake 
beneath  the  Fiji  Islands  recorded  at  FFC  (Flin  Flon,  Northwest  Territories,  A  =  96.8°), 
wavelet  polarization  analysis  detects  a  progressive  increase  in  ellipticity  between  the 
radial  and  transverse  components  of  the  SKS  phase,  consistent  with  a  fixed  time  delay 
associated  with  shear-wave  splitting  (Figure  4). 
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CONCLUSIONS  AND  RECOMMENDATIONS 

•  Love- to- Rayleigh  scattering,  caused  by  lateral  gradients  in  anisotropy,  is  important 
in  continental  collision  zones,  many  of  which  occur  in  areas  of  nonproliferation  concern. 
Further  research  in  this  area  is  warranted. 

•  Using  elastic  anisotropy  with  an  arbitrarily-oriented  axis  of  symmetry,  but  plane- 
layered  media,  the  conversion  of  P  to  SH  motion  appears  weak  at  steep  incidence. 
Therefore,  the  rapid  growth  of  transverse- component  motion  in  the  teleseismic  P  coda 
argues  for  either  side- scattered  P  waves,  P-to-S  conversion  at  dipping  interfaces,  or 
anisotropy  with  weaker  symmetry.  To  investigate  the  first  two  hypotheses,  we  plan  to 
apply  wavelet-array  analysis  to  broadband  array  data. 

•  Wavelet- based  spectral  analysis  techniques  are  feasible,  offer  a  detailed  picture 
of  seismic  body  waves  in  both  time  and  frequency,  and  have  potential  as  a  polariza¬ 
tion  detector.  We  are  developing  wavelet-based  array  analysis  algorithms  to  investigate 
scattered  waves  within  sparse  networks  of  seismic  stations. 
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Objective 

We  are  working  to  develop  improved  methods  for  utilizing  broadband,  three-component 
seismic  arrays  to  improve  estimates  of  surface-wave  magnitudes  from  small  events  observed  at 
regional  distances.  Our  ultimate  objective  in  this  work  is  to  try  to  improve  the  reliability  of  the  mb-M, 
discriminant  for  smaller  events  by  providing  stable  estimates  of  M,  under  low  signal-to-noise 
conditions  that  characterize  smaller  nuclear  explosions  recorded  at  regional  distances. 

Research  Accomplished 

Introduction 

For  this  study  we  have  utilized  data  from  the  IRIS  Joint  Seismic  Program  broadband  array  in 
Kyrgyzstan,  which  we  will  refer  to  as  KNET  (Figure  1).  KNET  is  a  ten  element  array  that  began 
operation  in  the  summer  of  1991  and  remains  operational  as  of  the  date  of  this  report.  The  aperture  of 
this  array  is  approximately  150  km  with  nominal  station  spacings  of  20-30  km.  It  is  equipped  with 
STS-2  broadband  sensors  and  utilizes  digital  telemetry  to  provide  a  dynamic  range  of  120  dB.  We 
have  found  regional  and  teleseismic  signals  recorded  by  this  array  can  be  processed  by  conventional 
array  processing  methods  to  enhance  signals  in  the  0.01  to  0.2  Hz  band.  In  this  report  we  focus  on 
results  from  an  analysis  of  surface  waves  from  three  regional  events:  (1)  a  Af,=5.1  event  located  near 
Ashgabad,  Turkmenistan  (11/27/92);  (2)  a  Af  =5.8  event  in  south-central  Tibet  (3/20/93);  and  (3)  the 
May  21,  1992,  nuclear  explosion  at  Lop  Nor.  The  two  earthquakes  we  selected  for  this  initial  study 
were  chosen  because  they  were  the  two  best  recorded  regional  events  in  this  data  set.  Four  nuclear 
explosions  from  Lop  Nor  have  been  recorded  by  KNET,  but  the  May  1992  event  was  the  largest. 

METHODS 

Our  current  work  merges  existing  single  station  surface  wave  and  array  processing  techniques. 
For  surface  wave  processing  we  obtain  first-order  estimates  of  group  velocity  curves  using  the  multiple 
filter  technique  of  Dziewonski  et  al.  (1969).  This  initial  estimate  is  used  as  input  to  a  frequency 
variable  filter  technique  program  developed  by  Russell  et  al.  (1988).  This  analysis  method  is  an 
improved  version  of  the  phase-matched  filter  technique  of  Herrin  and  Goforth  (1977).  Array 
processing  was  limited  to  simple  delay  and  sum,  time  domain  stacking  since  the  behavior  of  this 
algorithm  is  totally  predictable. 

We  have  applied  these  techniques  to  both  possible  permutations  of  these  two  rather 
independent  algorithms:  (1)  we  can  phase-match  filter  the  data  from  each  station,  and  then  calculate 
the  beam  of  the  phase-match  filter  estimates  of  the  fundamental  mode  from  each  station;  or  (2)  we  can 
estimate  a  best  beam  in  the  vicinity  of  the  back-azimuth  to  the  source,  and  then  phase-match  filter  the 
beam  signal.  The  former  is  likely  to  be  inferior  to  second  for  analysis  of  low  signal-to-noise  events, 
but  we  have  tested  both  permutations  here  to  investigate  the  overall  stability  of  the  results  and  to 
appraise  how  far  we  can  push  the  approximation  of  a  constant  phase  velocity  stack  on  a  dispersed 
wavetrain. 
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RESULTS 

Russell  et  aL  's  (1988)  frequency  variable  filter  technique  does  an  excellent  job  of  isolating 
fundamental  mode  Rayleigh  wave  signals  in  these  regional  seismograms.  However,  the  waveforms 
that  the  algorithm  produces  show  remarkable  variations  on  distance  scales  comparable  to  one 
wavelength.  Seismograms  from  the  Ashgabad  event  shown  in  Figures  2  and  3  illustrate  this  well. 

Both  the  raw  seismograms  (Figure  2)  and  the  frequency  variable  filter  signals  (Figure  3)  show  large 
waveform  variability.  The  waveforms  share  nearly  identical  dispersion  characteristics  (Figure  6),  but 
the  envelope  of  the  packets  seen  at  different  stations  vary  greatly.  Given  that  the  highest  frequency 
present  in  the  frequency  variable  filter  signals  is  0. 1  Hz,  KNET  is  only  at  most  about  4  wavelengths 
across.  This  is  strong  evidence  that  the  actual  wavefield  crossing  this  array  is  strongly  modulated  by 
interference  patterns  set  up  by  scattering  and  multipathing.  As  a  result,  array  processing  can  be 
expected  to  significantly  stabilize  waveform  estimates.  Figure  3,  in  fact,  illustrates  this  well.  Note 
that  the  stack  of  the  frequency  variable  filter  signals  and  the  fundamental  mode  signal  extracted  from 
the  KNET  beam  are  nearly  identical.  The  consistency  of  these  results  is  encouraging  and  leads  us  to 
believe  that  frequency  variable  filtering  of  broadband  array  beam  signals  can  provide  significant 
improvements  in  measurements  of  surface-wave  magnitudes  by  improving  the  stability  of  waveform 
estimates  of  fundamental  mode  Rayleigh  wave  signals.  The  fundamental  reason  for  this  is  that 
stacking  reduces  the  uncertainties  in  a  single  station  measurement  due  to  scattering  and  multipathing, 
while  the  frequency  variable  filter  can  very  effectively  extract  the  dispersed  waveform  buried  in  the 
coda  of  the  event.  Furthermore,  the  signal-to-noise  gain  of  the  array  should  allow  this  approach  to  be 
extended  to  much  smaller  events.  Figure  2  illustrates  this  capability  as  the  surface  wave  signal  is 
much  clearer  in  the  beam  than  in  any  single  station. 

The  Tibetan  event  shows  evidence  of  much  stronger  multipathing  effects  than  that  seen  in  the 
Ashgabad  event.  Figure  4  compares  f-k  analysis  of  the  early  (lower  frequency)  part  of  this  signal 
compared  to  what  we  interpret  as  a  strong  multipath  arrival  that  becomes  dominate  at  periods  around 
15  s.  The  f-k  analysis  results  shown  in  Figure  4  were  constructed  from  the  frequency  variable  filter 
signals,  but  we  note  that  the  same  result  is  seen  with  the  raw  data  although  the  multipath  is  not  quite 
as  well  resolved.  This  indicates  that  the  frequency  variable  filter  technique  does  not  necessarily 
remove  multipaths  as  Russell  et  aL  (1988)  claim,  but  instead  locks  onto  the  largest  amplitude  signal 
consistent  with  the  initial  estimate  of  the  dispersion  curve.  This  is  an  inescapable  dilemma  for  a 
single  station  technique  working  with  a  multipath  signal  like  this  one  that  arrives  with  only  a  small 
time  lag  from  the  direct  path.  Initial  results  from  computer  simulations  of  this  event  that  are  in 
progress  suggest  multipaths  with  wide  scattering  angles  can  arrive  with  small  time  delays  at  regional 
distances  and  reproduce  this  kind  of  effect 

In  spite  of  the  variability  of  waveforms  seen  at  different  stations  (Figures  2  and  3)  and 
multipathing  effects  like  that  seen  in  Figure  4,  we  have  been  impressed  with  the  robustness  of  group 
velocity  measurements.  Notice  that  for  the  Ashgabad  event  there  is  virtually  no  difference  in  results 
from  different  stations  or  different  techniques  (Figure  5a).  The  situation  for  the  Tibetan  event  and  the 
Lop  Nor  explosion  shown  in  Figure  5a  and  5b  is  somewhat  different.  On  the  broader  perspective  of 
the  overall  accuracy  of  group  velocity  measurements,  these  results  are  encouraging.  On  the  other 
hand,  there  are  significant  differences  that  are  noteworthy.  In  particular,  we  note  that  the  largest 
variability  of  any  results  are  the  dispersion  curve  estimates  in  the  15-25  s  range  from  the  Tibetan 
event.  We  suspect  this  is  due  to  distortions  caused  by  the  multipath  seen  in  Figure  4b  that  is  the 
dominate  signal  in  this  period  range.  We  suspect  the  same  problem  may  cause  the  scatter  in  the 
results  in  the  Lop  Nor  data.  However,  we  are  less  certain  of  this  due  to  the  fact  that  only  four  stations 
recorded  useable  surface  wave  data  for  this  event,  and  f-k  analysis  is  not  very  reliable  in  this  situation. 
An  alternative  explanation  for  the  Lop  Nor  event  that  cannot  be  ruled  out  is  that  the  deviations  are 
signal-to-noise  ratio  related.  (The  Rayleigh  wave  signal -to-noise  ratio  is  about  1/5  compared  to  about 
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2  for  the  Ashgabad  event  (Figure  2)). 


Conclusions  and  Recommendations 

We  examined  fundamental  mode  Rayleigh  waves  in  the  0.01  to  0.2  Hz  band  on  pure 
continental  paths  in  central  Asia  at  regional  distances.  Our  results  show  strong  evidence  of  scattering 
and  multipathing  effects  that  can  seriously  distort  estimates  of  the  fundamental  mode  waveforms 
extracted  by  frequency  variable  filtering  of  a  single  station  record.  Array  processing  in  combination 
with  frequency  variable  filtering  of  data  from  a  broadband  array  like  KNET,  however,  shows  promise 
of  providing  significant  improvements  in  the  measurements  of  M,  from  small  events  at  regional 
distances.  We  suspect  strongly  that  broadband  aiTay  processing  of  this  type  will  provide  more  stable 
measurements  of  M,  of  small  events  than  can  be  achieved  with  the  same  number  of  stations  distributed 
randomly  at  regional  distances  because  the  array  stations  all  see  the  same  basic  waveguide.  For  this 
reason  large  aperture,  broadband  seismic  arrays  like  KNET  should  be  in  integral  component  in  a 
monitoring  system  for  a  CTBT. 
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Figure  1.  Map  of  KNET  broadband  array.  Inset  map  shows  location  of  array  in  central  Asia. 
Triangles  are  station  locations.  Background  is  a  gray  scale  image  scaled  to  topography. 
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Figure  2.  Seismograms  showing  vertical  component  records  from  KNET  of  the  Ashgabad  event. 
Signals  have  been  Altered  with  a  0.01  to  0.5  Hz  bandpass,  and  scaled  to  true  ground  velocity.  Station 
names  are  shown  at  the  right.  The  location  of  each  station  in  the  array  can  be  found  in  Figure  1 .  The 
BEAM  signal  is  the  array  stack  along  the  true  back  azimuth  at  3.3  km/s. 
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Figure  3.  Frequency  variable  filter  estimates  of  the  fundamental  mode  Rayleigh  wave  signals 
from  the  seismograms  shown  in  Figure  2.  Station  names  are  as  before.  BMPM  is  the  signal  produced 
by  running  the  frequency  variable  filter  algorithm  on  the  BEAM  signal  shown  in  Figure  2.  BEAM  is 
the  stack  of  the  individual  station  signals  shown  in  this  figure.  Note  the  time  scale  is  different  from 
Figure  2,  but  traces  have  all  again  been  scaled  to  true  ground  velocity. 
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Figure  4.  Broadband  f-k  analysis  of  Tibet  event.  The  left  panel  is  calculated  from  a  50  s  long 
analysis  window  at  the  beginning  of  the  Rayleigh  wave  group  with  dominate  periods  changing  from 
SO  s  to  about  20  s  across  the  analysis  window.  The  right  panel  is  a  comparable  result  for  a  50  s 
window  translated  to  40  s  later  in  time.  (i.e.  the  two  windows  overlap  by  10  s)  The  dominant 
energy  in  this  window  is  in  the  25  s  to  15  s  range.  In  both  cases,  the  analysis  presented  is  based  on  a 
time  domain  broadband  f-k  technique  were  the  grey  scale  is  proportional  to  the  total  rms  signal  level 
in  the  analysis  window  when  the  array  is  stacked  with  the  slowness  vector  defined  by  the  axes  shown 
on  the  figure.  Circles  are  drawn  at  12,  10,  8,  6,  and  5  km/s.  Both  figures  are  scaled  separately  so  that 
the  peak  power  is  black  and  zero  would  be  white.  The  velocity  and  bearing  from  the  peak  power 
estimate  are  listed  at  the  top  of  the  figure.  Note  the  true  back  azimuth  to  this  event  based  on  its 
location  estimate  from  the  PDE  is  138  degrees. 
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Figure  5.  Dispersion  curves  obtained  for  events  analyzed  in  this  study:  (a)  Ashgabad  event,  (b) 
Tibet  event,  and  (c)  Lop  Nor.  In  all  cases,  the  squares  show  the  average  result  from  single  station 
measurements  made  for  each  array  station,  and  the  error  bars  are  the  standard  deviations  of  these 
estimates;  the  triangles  are  dispersion  measured  by  applying  the  frequency  variable  filter  technique  to 
the  array  beam;  and  the  diamonds  are  dispersion  measured  by  stacking  the  frequency  variable  filter 
estimates  of  the  fundamental  mode  and  then  measuring  the  dispersion  characteristics  of  that  waveform. 


297 


Studies  of  Lithospheric  Structure  in  Southwestern  North 

America 

Part  I:  Lithospheric  Structure  of 
West-Central  New  Mexico  Determined  from  the  Minor 
Uncle  Test  at  White  Sands  Missile  Range 

Donald  G.  Roberts  and  G.  Randy  Keller 
Department  of  Geological  Sciences 
The  University  of  Texas  at  El  Paso 
El  Paso,  Texas  79968 
Contract  No:  F49620-92-J-0438 

Objective 

As  part  of  the  University  of  Texas  at  El  Paso’s  ongoing  investigations  of  crustal 
structure  in  the  Rio  Grande  rift  region,  our  group  has  been  recording  seismic  refraction  data 
along  a  profile  extending  between  the  White  Sands  Missile  Range  (WSMR),  New  Mexico, 
and  the  Nevada  Test  Site  (NTS) .  As  part  of  this  effort,  we  deployed  a  seismic  array  in  June 
of  1993  to  record  the  Minor  Uncle  conventional  surface  explosion  at  WSMR.  Sixty-eight 
stations  were  deployed  at  1  mile  intervals  along  US  Highway  60  beginning  four  miles  west 
of  Socorro,  New  Mexico,  and  ending  ten  miles  west  of  Datil,  New  Mexico  (Figure  1 ) .  Each 
station  consisted  of  a  1  Hz,  vertical  component  seismometer  and  a  USGS  Seismic 
Cassette  Recorder  (SCR).  The  Minor  Uncle  experiment  went  off  as  scheduled  and  61 
SCRs  recorded  a  strong  signal.  The  resultant  record  section  shows  excellent 
signal-to-noise  ratios  and  exhibits  a  number  of  prominent  arrivals  (Figure  2) .  Taken  alone, 
this  unreversed  profile  would  be  of  limited  utility.  However,  when  combined  with  other 
seismic  data  in  the  region  (Figure  1 )  it  provides  a  useful  constraint  on  crustal  structure  in  the 
area.  In  this  paper,  we  present  a  preliminary  interpretation  of  these  new  data  and  update 
our  analysis  of  regional  crustal  structure.  We  hope  to  gather  additional  data  along  this 
profile  over  the  next  few  years. 

Research  Accomplished 


Background 

A  number  of  previous  surveys  in  the  region  helped  to  constrain  our  seismic  model. 
Sinno  et  al.  (1986)  conducted  a  series  of  seismic  surveys  in  the  southern  Rio  Grande  rift 
utilizing  explosions  at  WSMR  and  at  the  copper  mines  near  Tyrone,  New  Mexico  (Figure  1 ) . 
Their  reversed  NE-SW  trending  profile  indicated  a  relatively  flat  Moho  at  a  depth  of  32  km 
between  Tyrone  and  the  northern  portion  of  WSMR  with  a  slight  increase  in  the  depth  to  the 
Moho  to  the  southwest. 

Jaksha  (1982)  monitored  another  WSMR  explosion  with  a  widely  spaced  seismic 
array  extending  westward  from  WSMR  to  Morenci,  Arizona.  He  reversed  his  profile  by 
recording  blasts  from  the  copper  mine  at  Morenci,  and  interpreted  his  results  in  terms  of 
flat-lying  horizontal  layers.  These  data  were  reinterpreted  by  Schneider  and  Keller  (1994) 
who  combined  the  Jaksha  (1982)  data  with  their  seismic  and  gravity  data  gathered  along  a 
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Figure  1 :  index  map  of  New  Mexico  showing  locations  of  seismic  profiles  and 

geophysical  models.  1  -  seismic  profile  of  Schneider  and  Keller  (in  press);  2  -  seismic 
profile  of  Jaksha  (1982);  3  -  seismic  profiles  of  Sinno  et  al.  (1986);  4  -  seismic  profile  of 
this  study.  Shaded  area  is  the  zone  of  transition  in  crustal  structure  of  Schneider  and 
Keller  (in  press)  as  modified  in  this  study.  Profile  A-A'  represents  the  gravity  data 
modeled  to  place  the  seismic  results  in  a  regional  context. 
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profile  extending  from  Tyrone  to  Grants,  New  Mexico.  These  two  profiles  cross  in  the 
central  portion  of  the  Mogollon-Datil  Volcanic  Field  (Figure  1).  They  used 
two-dimensional  modeling  techniques  to  interpret  the  new  seismic  and  gravity  data,  and  to 
reinterpret  Jaksha's  data.  Their  work  indicated  the  presence  of  an  upper  crustal  intrusive 
complex  beneath  the  Mogollon-Datil  Volcanic  Field  (MDVF)  and  under  at  least  part  of  the 
San  Agustin  plains  as  well  as  a  mostly  gradual  south  to  north  thickening  of  the  crust.  Their 
analysis  suggests  a  gradual  crustal  transition  between  the  Colorado  Piateau  and  the  Rio 
Grande  Rift  which  extends  under  the  MDVF  (Figure  1). 

Adams  and  Keller  (1994)  investigated  crustal  structure  in  central  New  Mexico  by 
integrating  seismic,  gravity,  and  geologic  data.  They  delineated  the  general  basin  structure 
of  the  region  and  found  that  the  transition  in  crustal  structure  from  the  Rio  Grande  rift  to  the 
Colorado  plateau  across  the  Datil  region  was  gradual. 

Discussion 

The  data  presented  here  complement  the  previous  studies  in  the  area.  The  seismic 
record  section  (Figure  2)  shows  clear  phase  arrivals  for  Pg  (refraction  from  the  upper  crust) , 
PCP  (reflection  from  the  middle  crust) ,  and  PmP  (reflection  from  the  Moho) .  A  Pn  (refraction 
from  the  upper  mantle)  arrival  is  also  present  on  the  westernmost  traces.  Each  of  these 
phases  were  modeled  by  ray  tracing  employing  the  previous  work  of  Sinno  et  al.  (1986)  and 
Schneider  and  Keller  (1990)  as  independent  constraints.  A  preliminary  earth  model  is 
shown  in  Figure  3. 

With  a  maximum  source-receiver  offset  of  1 55  km,  these  data  do  not  provide  any 
constraint  on  the  upper  mantle  velocity  structure  and  contain  only  a  limited  amount  of 
information  on  the  structure  of  the  crust/mantle  transition.  However,  these  data  do  suggest 
that  the  relatively  thin  crust  ( ~  32  km)  interpreted  by  Sinno  et  al .( 1 986)  within  the  central  of 
the  rift  extends  westward  to  an  offset  of  at  least  70  km  in  this  survey.  This  is  approximately 
the  position  of  the  La  Jencia  fault  (Figure  3) .  The  seismic  profile  of  Schneider  and  Keller  (in 
press)  show  that  the  crustal  thickness  is  about  38km  at  Datil,  and  thus  requires  the 
westward  increase  in  Moho  depth  shown  in  Figure  3. 

The  shallow  crustal  features  in  Figure  3  are  noticeably  simplistic  due  to  the  lack  of 
fine  resolution  contained  in  the  data.  Each  of  the  crustal  phases,  especially  the  Pg  arrival, 
are  affected  by  a  number  of  shallow  velocity  contrasts.  The  largest  contrasts  are 
associated  with  the  transition  from  thick,  central-rift,  basin-fill  sediments  in  the  east  to 
Tertiary  volcanic  sequences  and  thin  basin-fills  in  the  west;  and  the  subsidence  and 
sedimentation  that  form  the  San  Agustin  plains.  The  first  transition  occurs  at  a 
source-receiver  offset  of  approximately  80  km  and  shows  up  as  a  sharp  decrease  in  phase 
arrival  time  with  increasing  offset.  This  transition  is  located  just  east  of  the  Magdelena 
Mountains  at  the  basin-bounding  La  Jencia  fault.  The  San  Agustin  plains  show  up  as  a 
broad  travel  time  delay  centered  at  an  offset  of  130  km.  This  anomaly  was  modeled  with 
approximately  1  km  of  basin  sediments  and  a  slight  thickening  of  the  volcanic  sequences  to 
the  west.  No  compelling  evidence  for  an  upper  crustal  batholith  was  found,  nor  was 
expected  based  on  the  interpreted  extent  of  the  Mogollon-Datil  batholith  presented  by 
Schneider  and  Keller  (1994).  Two  other  regions  of  the  section  indicate  the  presence  of 
shallow  crustal  features  that  have  not  been  incorporated  into  the  model  at  this  time.  Two 
subtle  phase  arrival  delays  are  present  between  70  and  80  km  (Figures  2  and  3) .  These  are 
interpreted  to  be  associated  with  the  sediments  of  the  La  Jencia  basin  in  the  west  and  the 
Socorro  basin  in  the  east  which  are  separated  from  each  other  by  the  Socorro- Lem itar 
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Figure  3:  Picked  arrival  times  and  preliminary  earth  model  derived  from  ray  tracing  the 

Minor  Uncle  seismic  data.  Numbers  indicate  P-wave  velocities  in  km/s. 
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Mountains.  West  of  the  La  Jencia  fault  (at  approximately  100  km  offset),  a  third  phase 
delay  is  interpreted  as  the  Abbey  Springs  basin  sediments  (R.  Chamberlain,  personal 
communication). 

These  data  also  indicate  one  and  possibly  two  deep  phases  arriving  significantly 
later  than  the  crustal  phases  (Figure  2).  The  timing  of  these  arrivals  is  inconsistent  with  a 
PmP  crustal  multiple  or  a  PmS  phase  but  can  be  fitted  with  a  west  dipping  reflector  in  the 
upper  mantle.  The  data  suggest  that  there  may  be  at  least  two  such  upper  mantle 
reflectors. 

In  order  to  place  these  results  in  a  regional  context,  a  crustal  model  which  crosses 
the  state  of  New  Mexico  was  constructed  by  gravity  modeling.  This  model  was  consistent 
with  the  seismic  results  presented  here,  and  corroborates  the  conclusions  of  Schneider 
and  Keller(1994)  that  the  transition  in  crustal  structure  between  the  Rio  Grande  Rift  and  the 
Colorado  Plateau  occurs  over  a  broad  region  in  western  New  Mexico.  This  model  also 
illustrates  our  interpretation  that  the  eastern  (Roberts  et  al.,  1 991)  and  western  margins  of 
the  rift  are  quite  different  with  the  change  in  structure  across  the  western  margin  being 
more  gradual. 

Conclusions  and  Recommendations 

The  transition  zone  from  the  Rio  Grande  rift  to  the  Colorado  plateau  in  western  New 
Mexico  is  gradual  in  terms  of  crustal  structure.  However,  thin  crust  associated  with  the  rift 
extends  westward  to  about  the  location  of  Magdalena,  New  Mexico.  The  preliminary 
crustal  model  shown  in  Figure  3  is  similar  to  recent  results  across  the  transition  zone 
between  the  Basin  and  Range  province  and  Colorado  plateau  in  western  Arizona  (Jill 
McCarthy,  personal  communication) ,  but  needs  further  constraints  to  the  west.  Our  future 
investigations  will  focus  on  a  more  detailed  investigation  of  the  seismic  data  shown  here 
and  on  the  underlying  causes  for  variations  in  crustal  structure  along  the  margins  of  the 
Colorado  plateau  and  Rio  Grande  rift. 
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Uppermost  Mantle  Structure  in  Southern  Eurasia  from  Pn  Tomography  and 

Sn  Attenuation 
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Contract  No.  F49620-93-1-0429 


Objective 

The  uppermost  mantle  beneath  the  Middle  East  (Iran,  Iraq,  Syria  and  Turkey) 
exhibits  extremely  low  Pn  velocities  that  suggest  the  presence  of  partial  melt.  The 
region  of  low  Pn  velocity  coincides  with  the  high  elevations  of  Turkish-Iranian  Pla¬ 
teau  and  is  linked  to  recent  episodes  of  subduction  and  the  presence  of  partial  melt. 
The  objective  of  our  research  is  to  investigate  this  low-velocity  mantle  and  its  effect 
on  regional  seismic  wave  propagation.  To  this  end,  we  have  inverted  Pn  traveltime 
data  for  uppermost  mantle  P-wave  velocity  structure  and  mapped  Sn  attenuation. 
Results  generally  indicate  that  the  uppermost  mantle  beneath  a  large  region  of  the 
Turkish-Iranian  Plateau  must  be  underlain  by  a  partially  melted  mantle  that  causes 
both  low  velocity  and  high  attenuation.  However,  some  regions  of  low  uppermost 
mantle  P-wave  velocity  reveal  intermediate  Sn  attenuation.  High  attenuation  will 
lead  to  underestimation  of  seismic  event  magnitudes/yields  for  regional  events  and 
will  adversely  affect  many  monitoring  discriminants  that  are  based  on  amplitude  and 
frequency  measurements. 


Research  Accomplished 

Uppermost  mantle  P-wave  velocity  structure  was  obtained  by  inversion  of  Pn 
traveltimes  reported  to  the  International  Seismological  Centre  (ISC)  (Figure  1).  On 
average,  uppermost  mantle  P-wave  velocity  beneath  the  Turkish-Iranian  Plateau  is 
considerably  slower  than  beneath  continental  shield  regions.  While  normal  Pn  veloc¬ 
ities  (8.0-8.2  km/sec)  were  inferred  under  the  Black  Sea  and  Southern  Caspian  Sea,  a 
region  of  anomalously  low  Pn  velocities  {<1.1  km/sec)  exists  beneath  the  high  eleva¬ 
tions  of  the  Turkish-Iranian  Plateau.  This  region  coincides  with  a  region  of  previously 
observed  high  Sn  attenuation  (Kadinsky-Cade,  et.  al.,  1981)  and  extensive  Neogene 
volcanism.  Teleseismic  studies  show  that  the  low  velocities  extend  at  least  100  km 
into  the  upper  mantle  (Spakman,  1991).  These  structural  features  suggest  that  near 
solidus  conditions  exist  within  the  uppermost  mantle  beneath  the  Turkish-Iranian 
Plateau.  The  Pn  velocity  tomography  study  was  reported  by  Hearn  and  Ni  (1994). 

In  order  to  image  details  of  velocity  structures  and  propagation  characteristics  in 
this  region,  we  have  read  Pn  traveltimes  and  mapped  Sn  attenuation  using  digital 
waveform  data.  The  majority  of  the  waveform  data  used  in  this  study  were  recorded 
by  the  Iranian  Long-Period  Array  (ILPA).  This  array  operated  in  the  late  1970’s,  ap¬ 
proximately  60  km  southeast  of  Tehran.  Stations  were  arranged  in  a  hexagonal 
configuration  with  an  aperture  of  approximately  80  kilometers.  Of  the  seven  stations 
in  the  array,  five  recorded  short-period  vertical  motions  and  two  stations  recorded 
short-period  three-component  motions.  Data  were  also  obtained  from  the  IRIS-DMS 
for  the  GSN  stations  ABKT,  ANTO,  GNI  and  KIV.  Unfortunately,  much  fewer  data 
were  obtained  for  these  stations.  Pn  traveltimes  were  read  from  the  vertical  compo¬ 
nent  instruments  and  Sn  propagation  efficiencies  were  read  on  the  horizontal 
components. 


Reduced  traveltimes  of  Pn  read  from  the  ILPA  waveforms  are  plotted  in  Figure 
2.  robust  velocity  estimate  yields  an  uppermost  mantle  P-wave  velocity  of  8.0 
km/sec  for  these  data.  This  velocity  is  consistent  with  the  Pn  velocities  inferred  from 
the  ISC  data  (Figure  1).  Some  Pn  residuals  are  quite  large,  in  many  cases  larger  than 
the  measured  uncertainty.  This  is  probably  due  to  large  location  errors  in  many  small 
magnitude  events  (mb  <  4.5)  in  the  PDE  catalog.  Hypocenters  of  larger  events  relo¬ 
cated  by  Bob  Engdahl  from  teleseismic  ISC  observations  were  used  whenever 
possible. 

Sn  attenuation  was  inferred  by  measuring  the  propagation  efficiency.  We  ranked 
Sn  propagation  efficiency  based  on  the  amplitude  of  Sn  relative  to  Pn  and  Lg  (when 
present)  in  three  categories:  A  for  efficient  Sn  propagation,  B  for  inefficient  and  C  for 
Sn  not  observed.  Figures  3a-c  show  representative  waveforms  we  ranked  with  A,  B 
and  C  Sn  propagation  efficiencies,  respectively.  Also  shown  on  the  seismograms  are 
Pn  and  Lg  arrivals.  The  data  in  Figure  3a  approach  ILPA  from  a  northern  azimuth 
from  an  event  in  the  Caspian  Sea  12.5°  away.  Sn  propagates  efficiently  (SnA)  from 
this  event;  however,  no  Lg  phase  is  observed  from  this  event,  possibly  because  of 
crustal  thickness  variations  associated  with  the  oceanic  crust  of  the  southern  Caspi¬ 
an  Sea.  The  data  shown  in  Figure  3b  show  inefficient  Sn  propagation  (SnB)  from  the 
Lesser  Caucasus  (azimuth  of  320°)  and  show  efficient  Lg  propagation.  Figure  3c 
shows  a  waveform  propagating  from  the  east  which  has  Pn  and  Lg  propagating  clear¬ 
ly;  however,  Sn  is  not  observed.  This  waveform  is  typical  of  those  propagating  from 
eastern,  southern  and  some  western  azimuths.  Generally,  Lg  phases  are  present  on 
all  seismograms  with  poor  Sn,  and  Lg  is  not  observed  when  Sn  is  present. 

A  map  of  144  Sn  propagation  efficiency  measurements  observed  at  ILPA  is 
shown  in  Figure  4.  Efficient  Sn  propagation  is  observed  from  northern  azimuths 
(Caspian  Sea),  but  tends  to  inefficient  propagation  from  the  northwest  and  northeast. 
Generally,  paths  with  unobserved  Sn  propagation  (SnC)  correspond  to  paths  inter¬ 
secting  low  Pn  velocity  regions  inferred  from  the  ISC  data  (Figure  1)  and  paths 
showing  efficient  (SnA)  or  inefficient  (SnB)  propagation  correspond  to  normal  Pn  ve¬ 
locity  paths  of  Figure  1.  One  important  exception  is  ray  paths  that  propagate 
through  the  Lesser  Caucasus;  these  paths  show  poor  but  visible  Sn  propagation  de¬ 
spite  very  low  Pn  velocities  {<1.1  km/s).  This  indicates  that  factors  other  than  partial 
melt  may  influence  Sn  amplitudes.  Possible  factors  impacting  Sn  amplitudes  are 
crustal  thickness  variations,  mantle  lid  gradients  and  conversions  from  other 
phases. 

Sn  propagation  efficiencies  read  from  GSN  stations  ABKT,  ANTO,  GNI  and  KTV 
complemented  the  results  obtained  from  ILPA  data.  That  is,  poor  Sn  propagation 
efficiency  was  observed  for  paths  intersecting  the  (low-velocity)  Turkish-Iranian 
Plateau.  Efficient  Sn  propagation  was  observed  for  paths  through  the  Black  and 
Caspian  Seas.  Zones  of  no  Sn  propagation  mapped  by  Kadinsky-Cade,  et.  al.  (1981, 
Figure  20)  agree  with  most  of  our  Sn  results;  however  our  results  indicate  good  Sn 
propagation  through  the  C  aucasus  and  along  the  southernmost  coast  of  the  Caspian 
Sea  where  they  indicate  that  Sn  does  not  propagate.  Paths  traversing  eastern  Tur¬ 
key,  westernmost  Iran, and  eastern  Iran  never  show  Sn  and  always  have  Pn  velocities 
less  than  7.9  km/s.  We  believe  that  partial  melt  contributes  to  both  low  Pn  velocities 
and  Sn  blockage. 

Conclusions  and  Recommendations 

Beneath  the  Turkish-Iranian  Plateau  regions  of  low  Pn  velocity  correspond  to 
regions  of  high  Sn  attenuation.  This  is  probably  due  to  high  mantle  temperature  and 
partial  melt.  There  are  some  exceptions  to  this  correspondence  that  suggest  other 
factors  also  influence  Sn  propagation.  This  could  be  due  crustal  thickness  variations, 
mantle  lid  gradients  and/or  phase  conversions.  We  are  continuing  to  map  Sn  wave- 
propagation  and  improve  our  Pn  velocity  model  for  the  region  by  analyzing  data  from 
the  Caucasus  Network  (CNET)  in  southern  Russian  and  the  Geyosha  Array  in 
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Turkmenistan. 


The  attenuation  structure  beneath  the  Turkish-Iranian  Plateau  has  clear  impli¬ 
cations  for  many  nuclear  monitoring  discriminants.  For  instance,  discriminants 
based  on  Sn  or  Lg  cannot  be  applied  since  many  paths  do  not  propagate  these  phases. 
Furthermore,  attenuation  of  mantle  phases  may  cause  significant  underestimates  of 
Ms  and  mb  and  make  nuclear  monitoring  and  discrimination  difficult.  Common  dis¬ 
criminants,  such  as  mb/Ms,  P/Lg,  and  Sn/Lg,  should  be  recalibrated  for  this  region. 
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Rgure  3.  Representative  seismograms  recorded  at  ILPA  station  IR1.  Top 
panel  (a)  shows  efficient  Sn  propagation,  SnA,  center  panel  (b)  shows 
inefficient  Sn  propagation,  SnB,  lower  panel  (c)  shows  SnC,  not  observed. 
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Objective 


The  aim  of  the  research  under  this  grant  is  to  improve  our  understanding  of  seismic 
phases  and  coda  waves  generated  from  local  and  regional  events  and  how  they  prop¬ 
agate  in  the  crustal  wave  guide  and  upper  mantle.  The  motivation  for  this  lays  in 
the  event  identification  problem.  Most  methods  that  have  been  proposed  for  identi¬ 
fying  small  events,  utilize  spectral  amplitude  ratios  between  various  phases  and  coda 
waves  observed  at  local  and  regional  distances  (Su  et  al,  1991,  Pulli  and  Dysart,  1992; 
Blandford,  1993).  In  the  case  that  a  suspicious  event  takes  place  in  an  area  where 
suitable  reference  events  are  lacking,  the  ability  to  synthesize  seismic  wave  propagation 
in  realistic  geological  models  will  be  essential. 


Our  approach  to  achieve  this  have  been  to  carry  out  extensive  2D  finite  difference 
modeling  experiments  in  models  of  variable  complexity.  Our  recent  research  efforts  have 
concentrated  on  visualization  of  the  results.  For  this  purpose  several  video  sequences 
have  been  produced  and  will  be  shown  at  the  poster. 


Research  accomplished 


Implementation  of  the  2D  finite  difference  algorithm:  The  modeling  technique  used  is 
a  high  order  velocity-stress  formulation  on  a  staggered  grid.  A  free  surface  boundary 
condition  is  used  at  the  top  and  absorbing  boundaries  are  used  at  the  other  margins  of 
the  model.  The  FD  schemes  used  here  is  based  on  the  method  of  Sguazerro  et  al  ( 1989) 
and  have  been  described  by  Husebye  and  Ruud  (1991)  and  Hestholm  et  al  (1994).  The 
incorporation  of  2D  free  surface  topography  is  detailed  by  Hestholm  and  Ruud  (1993). 


Model  generation  and  representation:  The  generation  of  gridded  velocity  models  for  use 
in  FD  simulations,  like  the  one  in  Fig.  la  consisting  several  block  of  arbitrary  shape,  is 
not  a  trivial  task.  First  a  xerox  copy  of  the  published  model  figure  is  scanned  into  the 
computer  through  an  optical  scanner.  Then  the  relevant  interfaces  are  digitized  from 
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the  screen  while  leaving  out  other  information  from  the  figure.  An  automatic  procedure 
have  been  devised  which  finds  all  closed  curves  from  the  digitized  line  segments.  An 
identification  number  which  is  common  for  all  points  within  a  particular  structural 
element,  and  unique  for  this  element,  can  now  be  computed  for  every  point  in  the  model. 
Physical  properties  like  P-  and  S-velocities  are  interactively  assigned  to  each  structural 
element  by  clicking  on  them  with  the  mouse.  Velocity  gradients  can  optionally  be  used. 
The  matrices  of  material  properties  necessary  for  the  FD  runs  are  then  easily  computed. 

The  model  used  for  generating  the  video  sequences  is  70  km  deep  and  500  km  long.  An 
explosion  source  near  the  surface  and  100  km  from  the  left  edge  of  the  model  generates 
frequencies  up  to  5  Hz.  The  first  and  simplest  model  used  have  constant  velocities 
both  in  the  crust  and  mantle  and  a  gently  undulating  Moho.  In  the  next  model  the 
crust  have  been  divided  into  several  homogeneous  blocks/layers  with  smooth  interfaces 
and  velocities  in  the  range  6.0  to  7.1  km/s,  see  Fig  la.  This  model  is  derived  from 
result  tied  to  deep  seismic  sounding  profiles  in  the  Kola  Peninsula.  The  last  video 
sequence  displays  the  propagating  wavefield  for  a  lithosphere  model  where  random 
velocity  perturbations  have  been  added  to  the  Kola  model,  Fig.  lb.  The  perturbations 
have  a  von  Karman  correlation  function  of  order  0.3,  correlation  distances  of  10  and  2.5 
km  in  the  horizontal  and  vertical  directions  respectively,  and  an  RMS  of  1.5  per  cent. 
P-  and  S-velocities  are  related  through  the  Poisson’s  ratio  of  0.25,  and  model  densities 
are  calculated  from  the  P-velocities  via  Birch’s  law. 

Visualization  of  the  seismic  wavefield:  Since  the  length  of  the  model  is  more  than  seven 
times  its  depth  and  we  want  to  retain  the  same  scaling  in  the  horizontal  and  vertical 
directions,  it  is  impractical  to  keep  the  entire  model  within  the  screen.  Instead  we 
use  a  screen  image  covering  150  km  horizontally  of  the  model  and  let  the  image  follow 
the  P  wavefront  until  it  reach  the  right  edge  of  the  model.  This  section  is  then  kept 
fixed  until  the  S/Lg  waves  arrive.  The  total  simulation  time  of  each  sequence  is  75  sec 
and  consists  of  more  than  3000  images.  The  physical  quantity  displayed  is  the  square 
root  of  the  length  of  the  vertical  particle  velocity  vector.  This  is  shown  in  colors  in 
the  foreground  while  the  background  is  the  velocity  model  shown  in  grey  tones  (the 
background  appears  when  the  particle  velocity  is  less  than  a  certain  minimum  value). 

Modeling  results:  Conventional  seismic  sections  obtained  for  the  two  models  in  Fig.  1 
are  shown  in  Fig.  2.  The  seismograms  are  plotted  in  reduced  time  and  with  the  same 
fixed  scaling  so  that  amplitudes  are  directly  comparable.  Even  for  the  unperturbed 
model  the  recorded  wavefield  is  quite  complicated  (Fig.  la).  The  Rg  surface  wave  is 
very  strong  and  dominating  because  there  is  no  attenuation  in  the  model.  Scattering 
from  P  to  Rg  is  seen  at  points  of  strong  heterogeneities  near  the  surface  (e.g.,  at  x  = 
260  km).  The  Pn  wave  (and  its  coda)  is  seen  to  be  much  stronger  in  the  perturbed 
model  (Fig.  2b)  compared  to  the  unperturbed  (Fig.  2a).  This  is  further  illustrated  in 
Fig.  3  where  synthetics  for  a  model  with  3.0  per  cent  perturbations  also  is  included. 
The  anomalous  strong  Pn  is  attributed  to  scattering  from  sub-Moho  heterogeneities 
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(Hestholm  et  al,  1994).  A  large  number  of  multiply  reflected  and  converted  waves  seen 
in  Fig.  2  is  difficult  to  identify  unless  one  can  follow  their  development  through  video 
sequences  or  a  large  number  of  snapshots.  In  the  video  one  can  also  see  some  interesting 
wave  propagation  phenomena  tied  to  the  low  velocity  layer  just  above  Moho.  Energy 
is  seen  to  concentrate  and  this  layer  and  leaks  out  when  passing  over  points  of  lateral 
heterogeneities.  One  can  also  see  how  energy  from  the  Lg  wave  leaks  down  into  the 
mantle  at  points  of  crustal  thinning. 


Conclusions  and  recommendations 


Finite  difference  modeling  represent  the  only  useful  method  for  computing  synthetic 
seismograms  in  arbitrary  complex  2D  structures.  The  ability  to  study  the  continuous 
development  of  local  and  regional  seismic  phases  is  a  unique  property  of  the  finite  dif¬ 
ference  approach.  In  order  to  make  this  a  practical  tool  in  a  seismic  monitoring  context, 
the  generation  of  models  and  the  visualization  of  the  results  should  be  automated  as 
much  as  possible.  When  all  types  of  wave  conversions  and  scattering  are  included  in 
the  computations,  as  is  the  case  for  full  elastic  finite  difference  modeling  experiments, 
surprisingly  complicated  seismograms  are  generated  even  for  reasonably  simple  models 
at  a  few  hundred  kms  distance.  It  is  therefore  likely  that  many  of  the  models  derived 
from  wide-angle  reflection  and  refraction  profiles  represents  over-interpretation  of  the 
data  and  should  be  treated  with  some  caution. 
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Fig.  1.  Two  of  the  P-wave  velocity  models  used  for  generating  the  video  sequences, 
a)  and  b)  show  the  perturbed  and  unperturbed  Kola  model  respectively. 
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Fig.  2a.  The  seismic  section  obtained  from  the  model  in  Fig.  la.  The  seismograms 
are  vertical  components  of  the  paricle  velocity  recorded  at  the  free  surface.  Intersensor 
spacing  is  0.8  km.  The  section  is  plotted  in  reduced  traveltime  with  a  reduction  velocity 
of  8.0  km/s. 


314 


40  50  60  70  80 


40  50  60  70  80 


Fig.  3.  Synthetic  seismograms  calculated  for  three  models  of  variable  complexity,  a) 
is  for  the  model  in  Fig.  la  (unperturbed  -  0.0%  RMS),  b)  is  for  the  model  in  Fig.  lb 
(1.5%  RMS),  and  c)  is  for  a  model  similar  to  that  in  Fig.  lb  but  for  3.0%  RMS.  The 
distance  from  the  source  is  350  km  in  all  cases  and  the  amplitude  scaling  is  the  same. 
Pn  is  the  first  arrival  and  Pg  starts  about  4  sec  later.  The  late  Pn  amplitude  is  seen 
to  be  very  dependent  on  the  degree  of  random  variations.  The  Pg  amplitude  is  less 
affected. 
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Fig.  4.  A  snapshot  of  the  vertical  component  of  the  particle  velocity  wavefield  at  65 
sec  in  the  unperturbed  model  (Fig.  la).  Energy  from  the  Lg  wave  (around  x  =  330 
km)  is  seen  to  leak  down  through  the  Moho  after  passing  the  crustal  thinning  in  the 
x-range  270  to  320  km. 
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OBTECTIVE 

The  overall  objective  of  this  line  of  research  has  been  to  develop  a  damage 
mechanics  for  the  compressive  failure  of  rock  which  can  be  used  as  the 
constitutive  relation  in  the  numerical  codes  which  simulate  underground 
explosions.  This  work  is  motivated  by  the  observation  that  elastic  nonlinearities 
associated  with  the  active  fracture  of  rock  in  the  source  region  of  underground 
explosions  can  affect  the  seismic  waveform.  Toward  this  end,  Ashby  and  Sammis 
(1990)  modeled  the  growth  and  interaction  of  fractures  which  nucleate  at 
preexisting  cracks  within  the  rock,  and  have  used  these  results  to  formulate  a 
damage  mechanics  for  the  compressive  failure  of  low-porosity  rock  (like  granite). 
There  are  several  advantages  to  this  type  of  micromechanically  based  damage 
mechanics.  It  accounts  for  the  size  of  the  preexisting  fractures  in  a  physical  way 
thus  facilitating  the  scaling  of  laboratory  strength  data  to  the  field  and  it  also 
allows  the  effects  of  water  saturation  to  be  included. 

Last  year  we  developed  an  algorithm  by  which  the  damage  mechanics 
rheology  may  be  implemented  in  the  computer  programs  currently  used  to 
simulate  underground  explosions  and  calculate  the  resultant  seismic  radiation 
field  at  the  elastic  radius  (beyond  which  wave  propagation  is  assumed  to  be 
linear  elastic).  The  objective  of  this  years  program  has  been  to  develop  the 
FORTRAN  subroutines  necessary  to  implement  this  algorithm.  We  report  here 
on  the  structure  of  this  programming. 

RESEARCH  ACCOMPLISHED 

Nonlinear  source  regimes 

The  nonlinear  source  region  of  an  underground  explosion  can  be  divided 
into  three  regimes  based  on  the  physics  of  the  deformation  as  illustrated  in 
Figure  1.  Closest  to  the  working  point  is  the  hydrodynamic  regime  in  which 
stresses  and  temperatures  are  high  enough  that  the  rock  flows.  At  very  small 
radius  this  is  because  the  rock  vaporizes  or  melts,  but  at  greater  distances  the 
rock  still  flows  plastically  because  stresses  are  above  the  yield  stress  for  flow 
accommodated  by  dislocation  glide.  The  stresses  at  which  this  flow  ceases  and 
fracture  begins  is  given  by  the  yield  stress,  Oy,  where 
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EigUH-1  Deformation  regimes  in  the 


nonlinear  source  region  of  an 
underground  explosion.  For  distances 
less  than  the  hydrodynamic  radius  rj, 
rock  flows  plastically.  For  distances 
between  r^  and  the  damage  radius  rj 
new  fractures  nucleate  at,  and  grow 
from  preexisting  fractures.  For 
distances  between  r<j  and  the  elastic 
radius  rej  frictional  sliding  on 
preexisting  fractures  produces  non¬ 
linear  attenuation,  but  the  stresses  are 
too  low  to  nucleate  new  fractures. 


Figure  2  Schematic  diagram  of  the 
computer  algorithms  commonly  used 


A 


to  model  the  explosive  source.  These 


algorithms  must  be  modified  to 


account  for  the  lowering  of  the 
effective  elastic  constants  associated 
with  new  crack  growth  in  the  damage 
regime.  As  discussed  in  the  text,  this 
is  done  by  introducing  a  new  variable, 
damage,  which  keeps  track  of  the 
current  crack  density.  The  elastic 
constants  are  a  function  of  the 
damage,  and  the  damage  is  a  function 
of  the  stress.  The  new  algorithm 
which  we  have  programmed  is  shown 
in  Figure  4. 
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°y2  =  |[(°1  -  <*2)2  +  (<*2  -  03)2  +  (03  -  Oi)2] 
2 

=  (a1  -o3)  when  c2  =  o3 


(1) 


The  yield  strength  Oy  can  be  derived  from  indentation  hardness  <H)  data  since 


Oy  =  H/3 


(2) 


Equation  (2'  can  thus  be  used  to  define  the  boundary  between  the  hydrodynamic 
flow  regime  and  the  second  closest  deformation  regime  which  we  call  the 
"damage  regime".  In  the  damage  regime,  new  fractures  nucleate  at,  and  grow 
from,  preexisting  fractures.  The  net  result  of  this  crack  growth  is  a  softening  of 
the  effective  elasticity  during  the  active  fracturing  and  behind  the  advancing 
stress  front.  It  is  this  regime  which  we  are  working  toward  modeling  in  the 
simulation  codes  for  underground  explosions.  The  damage  regime  extends  out  to 
a  distance  at  which  the  stresses  are  no  longer  high  enough  to  nucleate  new 
fractures.  The  damage  mechanics  of  Ashby  and  Sammis  (1990)  provides  an 
explicit  expression  for  the  stresses  necessary  to  nucleate  crack  growth  from  a 
preexisting  fracture  of  length  2a  which  can  be  used  to  define  the  damage  radius, 
rd-  At  rd  the  following  relationship  holds  between  the  dimensionless  shear  stress 

x  and  the  dimensionless  pressure  p 


where 


r  = 


(3) 


and 


ci = 


So  ~ 


V3 

(\+h2)U2-v 


The  dimensionless  pressure  is  defined  as 
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P  =  ^(Sl1+S22+S33) 

=  ^(5^  +  2533)  when  s22=s33 
and  the  dimensionless  maximum  shear  stress  is  defined  as 


(4) 


x  =  ^(S1 1  —  S33) 


(5) 


where  in  both  eqns.  (4)  and  (5)  the  dimensionless  stress  components  are  defined 
as 


OjjVica 

Kic 


(6) 


where  crjj  are  the  stresses,  a  is  the  half-length  of  the  preexisting  fractures,  and 
Kic  is  the  critical  stress  intensity  factor,  a  material  property  of  the  rock.  It  is  thus 
apparent  that  the  damage  radius  depends  on  the  size  of  the  initial  fractures,  and 
that  damage  occurs  at  lower  stress  levels  in  the  field  than  it  does  in  laboratory 
specimens  because  of  the  larger  crack  lengths  in  the  field. 


At  distances  greater  than  rd  the  wave  propagation  is  still  non-linear 
because  frictional  sliding  on  the  preexisting  fractures  produces  amplitude 
dependent  attenuation,  but  no  new  fractures  are  nucleated  and  the  medium  is 
not  fundamentally  altered  by  the  passage  of  the  stress  front. 


Rheology  in  the  damage  regime 


The  Lagrangian  regimes  used  to  model  explosion  sources  usually  follow 
the  algorithm  diagrammed  in  Figure  2.  Beginning  with  a  specified  state  of  stress 
ail  in  each  material  element  i  at  time  j,  the  equations  of  motion  are  used  to  find 

the  displacements  uil .  This  displacement  field  is  then  used  to  find  the  strain  ei)  at 
each  material  position.  These  strains  are  then  used  with  the  elastic  constants  in 
each  element  to  find  the  new  stresses  oij+1,  and  the  cycle  repeats.  The 
incorporation  of  damage  mechanics  into  these  algorithms  requires  the 
introduction  of  a  new  variable,  the  damage  Djj.  Damage  is  a  measure  of  the 
fracture  density  in  each  element  which,  for  a  spherically  symmetric  source,  may 
be  written  as 


Dji  =  ^jt(/+aa)3Nv 
o 


(7) 
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where  Nv  is  the  number  of  initial  fractures  of  length  2a,  t  is  the  length  of  the  new 
fractures  which  have  nucleated  from  the  preexisting  ones  as  illustrated  in  Figure 
1,  and  a  is  a  geometrical  constant  near  1.  The  extended  fracture  thus  has  an 
effective  length  of  (t  +  aa).  At  the  beginning  of  a  simulation,  before  any  crack 
growth  has  occurred,  all  elements  have  the  same  initial  damage  D0  defined  as 


Dj’  =  D0  =  ^n(aa)3Nv 


(8) 


For  each  state  of  dimensionless  stress,  (p,t),  there  exists  an  equilibrium 
damage  D(p,x)  which  can  be  calculated  explicitly  using  closed  form  expressions 
given  be  Ashby  and  Sammis  (1990).  If  (p/t)  lies  below  the  nucleation  surface 
given  by  (3),  then  D  remains  at  Do-  If  (p,x)  lies  above  the  yield  surface  (1)  and  (2), 
the  damage  is  not  changed  and  the  strain  is  calculated  using  a  dislocation  glide 
flow-law.  For  all  stress  states  in  between,  a  new  equilibrium  damage  is  calculated 
for  each  element.  In  the  FORTRAN  subroutine  we  have  developed,  this  is  done 
by  interpolation  on  a  table  calculate*,  using  the  expressions  in  Ashby  and 
Sammis  (1990). 


The  elastic  constants  in  each  element  depend  explicitly  on  the  damage  in 
that  element.  The  results  of  Budianski  and  O'Connell  (1976)  can  be  used  to  relate 


the  Young's  modulus  E  and  Poison's  ratio  v  to  the  damage  as 


Eij  =  E0(l  -0.425)DiJ 

vij  =  v0  -  O.lODi)  (9) 


Where  Eo  and  Vo  are  the  moduli  of  the  uncracked  solid.  It  thus  seems  rather 
simple  to  include  the  damage  mechanics.  At  each  time  step  simply  use  the  elastic 
constants  appropriate  to  the  old  damage  Dij  to  calculate  the  new  stresses 

(p,x)ij+l,  then  use  the  look-up  table  to  find  the  new  equilibrium  damage  Djj+1  for 
the  next  time  step.  The  problem  is  that  the  effective  elastic  constants  are  lower 
than  the  values  given  by  (9)  if  damage  is  increased  during  a  time  step.  This  is 
apparent  in  the  stress-strain  curve  shown  in  Figure  3  where  the  effective  elastic 
constant  (the  slope)  is  less  along  path  1  where  damage  is  accumulating  than  it  is 
along  either  paths  2  or  3  where  the  damage  is  constant.  As  discussed  in  last 
year's  report  (Sammis,  1993a,b),  we  have  developed  a  way  to  deal  with  this 
problem  which  abandons  the  use  of  elastic  constants  and  reverts  to  the  basic 
physics  of  crack  propagation.  We  use  the  Budianski  and  O'Connell  elastic 
constants  appropriate  to  the  old  damage,  but  if  the  new  equilibrium  damage  is 
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Bguiti  Schematic  stress-strain  curve  showing 
the  Iowa1  effective  elastic  modulus  over  paths 
(1)  and  (4)  where  crack  growth  is  increasing  the 
damage  than  over  paths  (2)  and  (3)  where  the 
damage  is  a  constant.  We  deal  with  this 
problem  by  dropping  the  concept  of  an  elastic 
constant  and  u.  -g  the  Griffith  criterion  that 
the  change  in  elastic  energy  balance  the  energy 
required  to  create  the  new  damage.  Figure  4 
shows  how  this  is  implemented  in  the 
programming. 


[Equation  of  Motion 


Elastic  Constants 
(  Oi-l  ) 

3  IStriss  (o.jJ 


|  Damage  (0t  > 


Pi  >  °i-i 


Pi  *  °i-i  ® 


Elastic  Ensrgy  Rtlaasa  >  ACrack  Enargy  ? 


OtcrtaJ*  Stross 
O mo -da 


<x3  *  CO*aS>TAMT 


Figure  4  Schematic  diagram  of  the  subroutine 
we  have  developed  to  introduce  damage 
rheology  into  the  source  simulation  models 
diagrammed  in  Figure  2. 
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greater  than  the  old,  then  we  relax  the  stress  along  a  radial  return  path  until  the 
elastic  energy  released  in  an  element  equals  the  energy  required  to  increase  the 
damage.  This  procedure  is  illustrated  in  Figure  4.  The  past  year  has  been  spent 
developing  the  FORTRAN  subroutine  required  to  implement  this  energy 
balance.  We  are  now  ready  to  implement  these  subroutines  in  a  source 
simulation  program. 


In  developing  the  requisite  subroutines  we  have  worked  with  Livermore 
Labs  who  supplied  a  copy  of  their  KDYNA  program  with  documentation  and 
Los  Alamos  who  provided  a  copy  of  HYDROX  with  documentation.  However,  it 
seems  more  efficient  to  work  directly  with  a  group  who  are  familiar  with  this 
type  of  code  to  implement  my  subroutines  than  to  try  the  simulations  ourselves. 
We  are  currently  negotiating  with  Jeff  Stevens  at  to  attempt  a  first  spherically 
symmetric  simulation. 
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Objectives 

The  detonation  of  nuclear  explosions  in  large  underground  cavities-decoupled  testing— 
constitutes  the  greatest  challenge  to  verification  efforts  under  a  comprehensive  test  ban  treaty 
(CTBT).  This  evasion  scenario  sets  the  limit  on  how  low  a  yield  can  be  effectively  verified.  The 
United  States  working  paper  for  the  Committee  of  Disarmament  of  May  1994  states  that  the 
international  monitoring  system  for  a  CTBT  should  be  capable  of  detection  and  identification  of 
nuclear  explosions  down  to  a  few  kilotons  (kt)  yield  or  less,  even  when  evasively  conducted.  The 
results  of  our  work  are  described  below  in  the  context  of  identification  at  the  few  kiloton  level  both 
for  countries  that  have  considerable  underground  testing  experience,  like  the  former  Soviet  Union 
(FSU),  and  countries  that  might  attempt  to  test  nuclear  devices  clandestinely  for  the  first  time. 


Our  work  for  the  past  few  years  has  addressed  a  number  of  aspects  of  the  problem  of 
clandestine  nuclear  testing  in  large  cavities  in  salt  domes,  bedded  salt  and  hard  rock.  We  are 
assessing  what  types  of  evasion  scenarios  are  plausible  based  on  geological  and  engineering 
constraints,  seismic  identification  levels,  the  need  to  insure  containment,  have  high  confidence  that 
no  bomb-produced  fission  products  reach  the  surface,  and  on  the  need  of  a  country  attempting  to 
test  clandestinely  to  have  a  high  level  of  confidence  that  it  can  do  so  without  being  caught  cheating. 


In  previous  work  we  examined  nuclear  explosions  at  Azgir  in  western  Kazakhstan  (Fig.  1) 
using  a  combination  of  seismic  data  and  satellite  images  made  by  SPOT  satellites.  Tamped 
explosions,  a  partially  decoupled  event,  and  six  small  nuclear  devices  detonated  in  a  water-filled 
cavity  were  conducted  at  that  site  from  1966  to  1979.  We  obtain  a  decoupling  factor,  DF,  of  about 
12  from  seismic  data  at  teleseismic  distances  for  the  partially  decoupled  explosion  of  March  1976, 
by  far  the  largest  nuclear  explosion  set  off  in  a  decoupled  mode. 


Research  Accomplished 

This  report  examines  three  topics- 1)  an  examination  of  SPOT  and  Landsat  satellite  images  for 
two  sites  of  repeated  Soviet  peaceful  nuclear  explosions  (PNEs)  in  salt,  2)  a  re-examination  of  the 
yield  of  the  1976  Azgir  event  and  3)  what  modes  of  clandestine  decoupled  nuclear  testing  are 
possible  for  either  countries  that  already  have  considerable  experience  with  underground  testing 
and  its  containment  or  other  countries  that  lack  such  experience. 

Repeated  Nuclear  Testing  in  Salt  at  Astrakhan  and  Karachaganak 


The  USSR  conducted  15  nuclear  explosions  at  a  site  to  the  north  of  Astrakhan  from  1980  to 
1984  and  6  at  Karachaganak  in  1983  and  1984  (Fig.  1).  Sultanov  et  al.  (1993)  identify  all  of  those 
events  as  having  been  detonated  in  salt  and  give  locations  and  depths  for  the  6  events  at 
Karachaganak  and  for  6  of  the  15  shots  at  Astrakhan.  Marshall  et  al.  (1991)  obtained  epicentral 
locations  for  all  of  the  events  at  the  two  sites  using  the  JED  technique.  The  locations  of  the  6 
events  at  Astrakhan  reported  by  Sultanov  et  al.  are  situated  about  4  km  to  the  ESE  of  those  of 
Marshall  et  al.,  which  we  interpret  as  a  bias  in  the  teleseismic  locations  of  the  latter.  The  locations 
of  Sultanov  et  al.  are  then  used  to  correct  the  locations  of  the  remaining  9  events  at  Astrakhan 
obtained  by  Marshall  et  al. 


Figs.  2  and  3  are  portions  of  a  SPOT  image  made  in  1990  of  the  sites  of  the  Astrakhan 
explosions.  The  revised  locations  of  the  15  events  are  shown  in  the  more  detailed  view.  Fig.  3. 
All  15  events  are  located  within  the  large  Astrakhan  gas  complex.  That  industrial  complex  has 
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Fig.  1.  North  Caspian  Region  showing  sites  of  nuclear  explosions  in  and  near  thick  salt  deposits 
(squares)  in  Pre-Caspian  Depression.  Boxed  region  denotes  area  of  previous  special  study  of 
small  seismic  events. 
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Fig.  2.  Processed  SPOT  satellite  image  taken  in  1990  of  Astrakhan  gas  complex.  North  is  up  on 
figure.  Dimension  of  bottom  of  figure  is  about  31  km. 
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Fig.  3.  Detailed  view  of  Fig.  2  showing  locations  of  6  nuclear  explosions  on  24  Sept.  1983 
reported  by  Marshall  et  al.  (1991),  diamonds,  and  Sultanov  et  al.  (1993),  circles.  The  locations  of 
the  latter  were  used  as  master  events  to  correct  the  epicenters  of  9  additional  events  (pluses)  located 
by  Marshall  et  al.  Dimension  of  bottom  of  figure  is  about  20.4  km;  north  is  up.  Note  two 
explosions  in  1984  near  upper-left  comer. 


clearly  grown  since  the  last  nuclear  explosions  in  1984  as  evidenced  by  its  extent  in  a  Landsat 
image  made  in  1986  and  the  SPOT  image  in  1990.  Borg  (1982)  describes  the  early  development 
of  the  gas  condensate  field. 

A  recent  film  "Volga,  the  Soul  of  Russia"  by  National  Geographic  Explorer  mentions  that  13 
of  the  15  cavities  formed  by  nuclear  explosions  near  Astrakhan  are  no  longer  usable  [for  their 
original  purpose,  storage  of  gas  condensates].  A  Russian  geophysicist  confirmed  to  Sykes  that 
many  cavities  created  in  salt  by  the  Soviet  PNE  program  either  collapsed  or  are  no  longer  usable. 
The  depths  of  6  of  the  cavities  given  by  Sultanov  et  al.  (1993)  is  920  to  1 100  m.  Cavities  created  in 
salt  by  the  1971  explosions  at  Azgir  and  Orenburg  at  depths  of  987  and  1 140  m  (Sykes,  1993), 
however,  did  not  collapse. 

Berest  and  Minh  (1981)  give  criteria  for  stability  of  industrial  cavities  created  in  salt.  They 
find  that  the  maximum  depth  of  a  stable  brine-filled  cavity  created  by  solution  mining  is  about  2  km. 
That  depth  is  not  applicable  to  the  conduct  of  a  decoupled  nuclear  test  since  brine  in  a  cavity  (or 
product  replacing  it  like  oil  or  gas  under  pressure)  provides  considerable  support  for  the  cavity. 
Using  the  criteria  of  Berest  and  Minh,  the  maximum  depth  of  an  air-filled  cavity  at  atmospheric 
pressure  is  calculated  to  be  about  900  m.  From  that  calculation  and  the  experience  of  cavity  failure 
in  the  FSU  and  elsewhere,  the  maximum  depth  of  a  stable  air-filled  cavity  in  salt  ranges  from  about 
900  to  1200  m  and  depends  on  the  thermal  gradient,  water  content,  mineralogy,  and  proximity  to 
surrounding  brittle  rocks.  Thus,  the  range  of  depths  possible  for  clandestine  nuclear  testing  in  salt 
for  yields  of  a  few  kilotons  and  larger  is  very  limited  since  a  minimum  depth  of  about  200  m  is 
necessary  to  insure  containment  At  Astrakhan  and  Karachaganak  the  minimum  depth  is  greater 
since  the  cap  rock  above  salt  extends  to  depths  of  about  730  and  330  m  (Sultanov  et  al.,  1993). 

Decoupling  Factor  for  Azgir  Event  of  1976:  Implications  for  Partial  Decoupling 

Adushkin  et  al.  (1993)  describe  a  partially  decoupled  nuclear  explosion  at  Azgir  in  March  1976 
with  a  yield  of  8  kt  Goldstein  and  Glen  (1993)  and  Glen  and  Goldstein  report  a  1993  personal 
communication  with  V.  B.  Adam  ski  who  gave  the  yield  as  1 1.5  kt  based  on  radiochemical 
analysis.  Sultanov  (personal  communication,  1993)  described  the  device  used  in  the  1976 
experiment  as  a  standard  one  whose  yield  was  determined  by  hydrodynamic  methods.  Glen  and 
Goldstein  (1994)  use  the  larger  yield  stating  that  the  hydrodynamic  method  would  not  be  as 
accurate  for  an  explosion  in  a  large  cavity.  What  is  not  clear  is  whether  the  hydrodynamic  method 
was,  in  fact,  used  for  the  actual  device  detonated  in  1976  or  instead  was  employed  earlier  in  the 
development  of  the  standard  nuclear  explosive  in  a  conventional  tamped  testing  mode.  This 
uncertainty  is  likely  to  remain  until  more  information  becomes  available  from  Russian  scientists. 

One  support  for  an  8  kt  yield  comes  from  estimated  yields  of  several  of  the  Astrakhan 
explosions,  which  are  close  to  8  kt,  indicating  that  they  may  be  the  same  standard  device  used  in 
applications  of  PNEs  that  was  used  at  Azgir  in  1976.  Fig.  1.2  of  Sultanov  et  al.  ( 1993)  gives 
scaled  [relative]  yields  of  Soviet  underground  nuclear  explosions  in  salt  as  a  function  of  ISC 
magnitude.  Six  events  cluster  near  the  same  yield  on  their  figure.  Calibration  of  their  scale  using 
events  in  salt  of  announced  yield  indicates  that  those  6  events  also  had  a  yield  about  7  kt  They 
also  state  that  5  of  the  6  explosions  they  describe  at  Astrakhan  and  3  PNEs  conducted  in  granite 
had  the  same  yield.  The  average  yield  of  those  5  Astrakhan  explosions  as  determined  by  Sykes 
(1993)  is  8.8  kt  Thus,  there  are  grounds  for  thinking  the  1976  event  at  Azgir,  in  fact,  had  a  yield 
close  to  8  kt  If  that  is  correct,  most  code  calculations  of  the  decoupling  factor  for  the  partially- 
decoupled  conditions  of  the  1976  event  are  much  greater  than  those  calculated  from  seismic  data. 

Plausibility  of  Decoupled  Testing  under  a  CTBT  for  Different  Geologic  Media 

The  following  addresses  full  decoupling  or  nearly  full  decoupling  (taken  to  be  the  conditions 
of  the  Sterling  explosion)  at  the  few  kiloton  level  and  above.  The  results  of  the  Soviet  8  kt 
experiment  at  Azgir  indicate  that  the  decoupling  factor  drops  of  rapidly  for  cavities  overdriven  with 
respect  to  Sterling  conditions,  i.e.  for  long-term  cavity  pressures  greater  than  about  1.5  times  the 
lithostatic  (overburden  stress).  The  following  applies  to  countries  with  considerable  underground 


testing  and  containment  experience;  countries  lacking  that  experience  take  a  great  risk  in  attempting 
to  test  for  the  first  time  in  this  yield  range  and  to  have  high  confidence  that  containment  and  secrecy 
will  be  assured  and  that  the  nuclear  test  will  not  be  identified  by  outside  parties  to  a  CTBT.  Most 
of  the  countries  considered  to  be  likely  potential  proliferators  are  small  relative  to  the  FSU,  the 
U.S.  and  China,  and  hence  would  be  easier  to  monitor  from  adjacent  countries. 


Salt  Domes  and  Bedded  Salt  Significant  decoupled  testing  in  cavities  created  by 
previous  large  nuclear  explosions  is  only  possible  for  the  Azgir  area  in  Kazakhstan  (Sykes,  1993). 
For  Russia  itself,  the  largest  cavities  created  in  this  manner  are  located  at  Astrakhan  and 
Karachaganak  but  none  are  of  a  size  that  could  be  used  for  fully  decoupled  tests  larger  than  0.5  to  1 
kt.  The  few  nuclear  explosions  in  salt  by  the  U.S.  were  small  enough  that  they  could  only  be  used 
for  testing  at  the  fraction  of  ?  kiloton  level.  No  other  countries  are  known  to  have  tested  in  salt. 


The  use  of  cavities  created  in  salt  domes  by  solution  mining  for  decoupled  testing  constitutes 
the  greatest  challenge  to  the  verification  of  a  CTBT.  Most  of  the  salt  dome  areas  of  the  nuclear 
powers  are  characterized  by  low  natural  seismicity  and  efficient  propagation  of  seismic  waves. 
The  sizes  of  chemical  explosions  used  in  mining  of  salt  are  small  to  negligible.  Monitoring  salt 
domes  in  areas  of  natural  seismicity  and  low  Q,  as  in  Tadzhikistan,  would  require  special 
verification  measures  such  a  local  seismic  array.  While  very  large  cavities  have  been  created  by 
solution  mining,  most  of  these  cavities  are  filled  with  brine  or  stored  products,  either  of  which 
must  be  removed  to  permit  significant  decoupled  testing.  Cavity  construction  in  areas  of  bedded 
salt  is  more  limited  since  salt  is  typically  interbedded  with  other  rocks.  The  FSU  conducted  a 
single  small  nuclear  explosion  in  salt  in  the  large  area  of  bedded  salt  to  the  northwest  of  Lake 
Baikal  (Sultanov  et  al.,  1993).  Its  yield,  about  2.5  kt,  was  small  enough  that  it  could  not  be  used 
for  significant  decoupled  testing. 


Hard  Rock.  A  major  issue  that  has  received  little  debate  in  the  U.S.  is  what  is  the  maximum 
size  cavity  that  could  be  constructed  and  used  for  clandestine,  fully-decoupled  testing  of  a  given 
yield?  Patterson  (1966a,b)  estimated  scaled  cavity  radii  for  granite  and  salt  for  nearly  full 
decoupling  at  depths  of  about  1000  m  as  20  and  30  m.  The  Latter  criterion  gives  28  m  for  the 
Salmon  cavity,  a  scaled  radius  most  workers  would  accept  for  salt.  The  20  m  value  for  granite, 
which  continues  to  be  widely  quoted,  however,  is  based  on  free-field  measurements  for  early  U.S. 
explosions  in  granite  that  were  thought  then  to  be  in  the  elastic  regime  but  are  now  widely  regarded 
as  being  in  an  inelastic  regime.  Heuzd  (1983)  and  Heuzd  et  al.  (1982, 1991)  emphasize  that  hard 
rock  masses  are  seldom  monolithic  but  are  penetrated  by  numerous  joints  and  other  discontinuities. 
Heuzd  et  al.  (1991)  state  that  traditional  continuum  codes  are  not  sufficient  for  simulating  multiple 
dynamic  block  motion  processes  for  underground  nuclear  explosions  in  such  media.  Neither  the 
U.S.  nor  any  other  country  is  known  to  have  conducted  a  nuclear  explosion  in  hard  rock  with  a 
significant  decoupling  factor.  The  tiny  Millyard  nuclear  explosion  was  a  decoupled  event 
conducted  in  softer  rock-dry  tuff-in  a  hemispherical  cavity  in  Nevada  at  a  depth  of  375  m. 

Scaling  either  its  volume  or  radius  to  1  kt  gives  either  32  or  40  m.  On  a  scale  of  tens  of  meters, 
hard  rock  in  situ  may  well  have  a  scaled  cavity  radius  for  decoupling  more  like  that  of  salt. 

Leith  and  Glover  (1993)  list  10  unsupported  cavities  mined  in  hard  rock  with  volumes  greater 
than  280,000  m^.  The  depths  of  at  least  5  are  too  shallow  for  containment  of  even  a  1  kt 
explosion.  The  smallest  dimension  (width)  of  the  deepest,  351m,  is  only  28  m.  The  line  of 
argument  that  such  cavities  can,  in  fact,  be  constructed  at  depth  and  used  for  decoupled  testing  at 
yields  well  in  excess  of  1  kt  depends  on  two  untested  assumptions  for  hard  rock:  1)  volume,  not 
the  width,  is  the  critical  dimensional  factor  and  2)  the  radius  of  a  sphere  of  equivalent  volume  is 
20  m  x  (yield)  ^3  for  nearly  full  decoupling.  Use  of  scaled  radii  of  25  to  30  m  for  hard  rock  leads 
to  a  reduction  in  the  maximum  fully  decoupled  yield  by  a  factor  of  about  2.0  to  3.4.  Calculations 
for  ellipsoidal  cavities  in  hard  rock  are  likely  to  be  even  more  uncertain  than  they  are  for  salt  given 
the  presence  of  joints  and  large  differences  in  principal  stresses.  Overdriven  decoupled  testing  in 
hard  rock  is  more  likely  to  result  in  leakage  from  the  cavity  than  one  in  salt. 
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Now  that  a  CTBT  is  under  negotiation  many  issues  involving  verification  that  have  largely  lay 
dormant  for  many  years  are  surfacing.  Several  aspects  of  decoupled  nuclear  testing  are  among  the 
prime  issues.  For  a  country  to  believe  that  it  can  cheat  on  a  CTBT  with  high  confidence  by  testing 
in  a  decoupled  mode  at  the  few  kiloton  level,  it  must  be  prepared  to  pass  a  series  of  verification 
challenges:  clandestine  construction  and  evacuation  of  a  large  cavity  at  depth,  insure  containment, 
and  not  be  identified  by  seismic  or  other  means.  Monitoring  salt  dome  areas  of  the  nuclear  powers 
should  be  a  high  priority  so  as  to  deal  with  decoupled  testing  in  cavities  constructed  by  solution 
mining.  A  country  wishing  to  test  clandestinely  in  a  large  cavity  in  hard  rock,  however,  must 
contend  with  greater  uncertainties  in  rock  properties  (such  as  the  presence  of  joints  and  other 
discontinuities)  as  they  affect  cavity  stability  and  containment,  a  scaled  radius  for  full  decoupling 
that  may  well  be  considerably  larger  than  20  m,  and  differences  in  principal  stresses  that  generally 
increase  with  depth.  Resolving  the  feasibility  of  decoupled  testing  at  the  few  kiloton  level  for  hard 
rock  is  critical  since  hard  rock  is  present  in  many  more  areas  than  salt  domes. 
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OBJECTIVE 

The  objective  of  this  paper  is  to  investigate  the  effects  of  sediments  on  the  atten¬ 
uation,  scattering,  and  blockage  of  Lg  wave  propagation,  by  means  of  finite-element 
modeling.  The  numerical  models  are  particularly  focused  on  the  Lg  propagation 
from  presumed  explosions  at  test  sites  of  Novaya  Zemlya  across  the  Barents  Sea  to 
ARCESS  and  Graefenbury. 


RESEARCH  ACCOMPLISHED 


In  our  previous  studies(Teng  and  Kuo,  1993;  Teng  and  Kuo  1994),  the  problem  of 
Lg  wave  propagation  in  a  complex,  laterally  inhomogeneous  wave  guide,  such  as  in 
the  present  case  of  simulating  the  propagation  path  from  Novaya  Zemlya  through 
the  Barents  Sea,  can  be  accomplished  by  multi-steps  in  finite  element  modeling. 
This  multi-step  methodology  promises  to  handle  models  of  large  dimensions,  without 
degrading  the  accuracy  of  numerical  results.  Figure  l-(a)  simulates  the  geological 
structure  along  the  path  from  former  USSR  nuclear  test  sites  Novya  Zemlya  to  the 
Barents  Sea,  which  is  represented  by  a  sedimentary  basin.  The  multi-step  calculations 
in  the  model  as  shown  in  Figure  l-(a)  are: 


(i)  an  impulsive  source  be  placed  in  the  Island  Margin  Model  to  obtain  the  seismic 
response  everywhere  in  the  model  (Figure  1  -(b)); 
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(ii)  the  output  of  the  seismic  response,  in  our  case  we  choose  BB  ,  be  used  as  an 
input  source  to  drive  the  Basin  Model,  and  the  Basin  and  Crust  Pinch  Model 
(Figure  l-(c)). 

From  our  previously  constructed  models,  we  have  concluded  that  the  velocity  contrast 
between  the  sediments  in  the  basin  and  the  surrounding  granitic/basaltic  crust  plays  a 
vital  role  in  determining  the  characteristics  of  Lg  waves.  For  a  high  velocity  contrast, 
the  Lg  waves  are  delayed,  scattered  and  therefore  blocked.  All  the  previous  studies 
have  been  emphasized  on  the  elastodynamic  problems  without  considering  the  effects 
of  sediments  on  attenuation  for  the  cases  of  an  anti-plane  strain  approximation.  Chan 
and  Mitchell  (1985),  and  Mitchell  and  Hwang  (1987)  suggested  that  the  reduction  of 
Lg  amplitude  might  be  caused  by  the  attenuation  of  the  thick  low-Q  sediments  as  the 
Lg  waves  travel  crossing  the  Barents  Sea. 

In  our  present  study,  a  line  source  with  the  first  derivative  of  Gaussian  type  of 
forcing  function  with  center  frequency  of  0.334  Hz,  is  located  on  the  island  side  of  the 
Island  Margin  Model  (Figure  l-(b)).  The  S  wave  velocities  of  the  granitic/ basaltic 
(averaged)  layer  and  the  upper  mantle  are  assumed  to  be  3.51  km/sec  and  4.7  km/sec, 
respectively.  The  seismic  waves,  as  shown  in  Figure  2,  observed  along  the  left  termi¬ 
nation  boundary  BB*  have  been  used  as  the  input  waves  at  BB'  in  Figure  l-(c).  We 
consider  a  series  of  basin  models  with  different  attenuation  values  of  quality  factors, 
Qs  =  oo,  150,  100,  50,  25,  10,  with  a  fixed  basin  velocity  of  2.2  km/sec,  and  a  fixed 
basin  width  of  250  km.  Figures  3-(a),  3-(b),  and  3-(c)  are  the  synthetic  seismograms 
obtained  from  the  basin  models  by  using  Qs  =  oo,  150,  and  50  for  the  basin,  respec¬ 
tively.  These  seismograms  are  observed  along  the  free  surface  at  the  locations  of  20  to 
400  km  from  the  input  waves.  In  Figure  3,  it  is  clearly  shown  that  the  Lg  waves  are 
attenuated  at  the  locations  after  the  presence  of  the  basin  for  the  cases  of  Qs  =150 
and  50.  Figures  4  gives  the  comparison  of  seismic  waves  (Lg  and  all  other  waves) 
at  the  same  locations  of  observation  for  cases  with  different  Qs  values.  Trace  1  to 
Trace  6  in  the  figures  correspond  to  the  cases  of  Qs  =-  oo,  Qs  =  150,  100,  50,  25,  10 
respectively.  In  Figure  4,  comparisons  of  seismic  waves  at  the  distances  of  250  km, 
350  km  and  400  km  from  the  source  is  given  in  4-(a),  4-(b),  and  4-(c)  respectively. 
Figure  4  shows  that  the  Lg  amplitude  is  highly  attenuated  from  Trace  1  (Qs  =  oo)  to 
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Trace  6  (Qs  =  10).  The  presence  of  the  low-Q  basin  ,as  expected,  affects  very  little  on 
the  amplitude  of  the  Sn  waves,  as  the  waves  are  propagated  through  through  mostly 
the  upper  mantle. 


Figure  2.  Seismic  reponses  observed  along  BB’  i 
which  are  used  to  exite  the  basin  model  Figure  1 
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CONCLUSIONS  AND  RECOMMENDATIONS 

Numerical  results  of  the  present  models  studied  show  that  thick  low-Q  sediments  do 
cause  the  attenuation  of  the  reduction  of  Lg  amplitudes,  but  do  not  delay  the  Lg 
propagation. 

In  the  future,  we  suggest  more  realistic  models  including  the  following  be  studied: 

(i)  plane  strain  (P-SV)  modeling  in  elastodynamics,  and  visco-elastodynamics; 

(ii)  effects  of  an  ocean  on  the  blockage  and  scattering  of  Lg  waves,  by  considering 

the  fluid/solid  interaction  in  finite  element  modeling; 

(iii)  three-dimensional  modeling  in  elastodynamics,  and  visco-elastodynamics; 

so  that  the  whole  spectrum  of  the  mechanism  of  Lg  wave  propagation  be  better 
understood. 
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Objective 

The  issue  of  nonproliferation  of  nuclear  weapons  requires  that  the  nature  of 
seismic  sources  and  the  nature  of  wave  propagation  in  largely  unexplored  continental 
regions  be  known  to  address  fundamental  problems  of  event  detection,  location,  source 
mechanism,  and  discrimination.  In  particular,  knowledge  of  structure  is  essential  to  the 
understanding  of  regional  seismograms  written  by  natural  and  explosive  sources.  In  this 
study,  we  investigate  crustal  and  upper  mantle  structure  beneath  central  and  southern 
Africa  using  earthquake  sources  recorded  at  regional  and  teleseismic  seismic  stations. 
We  combine  the  regional  analysis  of  digital  and  analog  seismograms  within  Africa  with 
proven  teleseismic  analysis  techniques  for  the  same  sources  to  constrain  source 
parameters.  After  obtaining  constraints  on  focal  mechanism  and  source  depth,  we  model 
regional  seismograms  using  synthedc  seismograms  to  determine  details  of  lithospheric 
structure. 


Research  Accomplished 

Regional  waveforms  from  two  earthquakes  in  central  and  southern  Africa  have 
been  modeled  to  determine  characteristics  of  crustal  and  upper  mantle  structure.  The  first 
event  (Figure  1)  occurred  in  the  western  branch  of  the  east  African  rift  system  and  was 
recorded  1620  kms  to  the  northwest  at  station  BCAO  in  the  Central  African  Republic. 
The  source-receiver  path  for  this  event  crosses  the  Congo  Basin,  a  Paleozoic-Mesozoic 
sedimentary  basin  underlain  by  Precambrian  crust  and  lithospheric  mantle.  The  source- 
receiver  path  for  this  event  also  lies  west  of  the  African  superswell,  an  extensive  region  of 
high  topography  in  eastern  and  southern  Africa  (Nyblade  and  Robinson,  1994). 
Examination  of  regional  wave  propagation  along  this  path  provides  information  about 
crustal  structure  within  and  beneath  the  Congo  Basin,  as  well  as  upper  mantle  structure 
away  from  the  African  superswell.  The  second  event  (Figure  1)  occurred  in  southern 
South  Africa  and  was  recorded  1 170  km  to  the  northeast  at  station  PRE  and  1 190  km  to 
the  northwest  at  station  WIN.  The  source-receiver  paths  for  this  event  cross  Proterozoic 
and  Atchcan  crust  and  lie  entirely  within  the  African  superswell.  Modeling  of  regional 
wave  propagation  along  the  source-receiver  paths  for  the  second  event  provides 
information  on  Precambrian  crustal  structure  within  southern  Africa,  in  addition  to  upper 
mantle  structure  beneath  the  African  superswell. 

Source  parameters  for  the  two  events  are  listed  in  Table  1.  Focal  mechanism  and 
depth  for  event  1  have  been  obtained  using  both  short-  and  long-period  data  from  the 
SRO  stations  NWAO,  CHTO,  GRFO,  the  ASRO  station  KONO,  and  the  NRSA  station 
NRAO.  Short-period  records  from  GRFO,  KONO,  NRAO,  and  CHTO  provide  important 
constraints  on  focal  depth  and  source  duration.  First  arrivals  on  the  short-period  record 
from  CHTO  are  obvious  (Figure  2a),  but  the  first  P-arrivals  at  stations  GRFO,  KONO, 
and  NRAO  are  near-nodal  and  thus  harder  to  detect.  However,  because  all  three  stations 
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Figure  1.  Map  of  the  southern  African  subcontinent  showing  earthquake  (solid  triangles) 
and  station  (labeled  ovals)  locations.  The  northern  margin  of  the  African  superswell  is 
delin  ted  by  the  solid,  bold  line. 


Table  1.  Source  Parameters 


Event 

Date 

Lat. 

Lon. 

mb 

depth 

strike 

dip 

rake 

1 

6/29/86 

5.20  S 

29.59  E 

5.0 

36  km 

191.4 

81.1 

-72.0 

2 

9/29/69 

33.09  S 

19.52  E 

5.6 

4km 

123.5 

89.5 

-0.54 
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have  similar  azimuths  (346-351°)  and  are  at  similar  distances  from  the  source  (57-67°), 
rays  to  these  stations  leave  the  focal  sphere  at  nearly  the  same  location,  enabling  the 
waveforms,  after  correction  for  instrument  responses,  to  be  beamformed  to  one  location 
to  produce  a  single  trace  with  an  improved  signal/noise  ratio.  Source  depth  for  this 
earthquake  can  be  estimated  by  convolving  the  beam  with  the  short-period  instrument 
response  from  CHTO  and  comparing  it  to  the  record  from  CHTO  (Figure  2a).  There  is 
clear  correspondence  between  the  two  traces,  and  the  arrival  times  of  P,  pP,  and  sP  are 
readily  determined,  as  illustrated  in  Figure  2b.  The  pP-P  and  sP  P  times  yield  a  source 
depth  of  36.5  km,  and  the  time  duration  of  the  direct-/1  arrival  on  the  CHTO  record 
indicates  a  source  duration  of  -5  seconds. 

A  focal  mechanism  for  event  1  was  obtained  by  inverting  P-  and  SH- waves  on  the 
long-period  records  at  stations  NWAO,  CHTO,  GRFO,  KONO,  and  NRAO  for  moment 
tensor  using  an  iterative,  generalized  inversion  algorithm  (Langston  et  al.,  1982).  Based 
on  the  duration  of  the  direct-P  arrival  on  the  short-period  record  at  CHTO,  a  5  sec  source 
time  function  was  employed  in  the  inversion  with  a  rise-time  of  2  sec  and  a  3  sec  fall-off. 
Inversion  was  performed  for  a  specified  source  depth,  and  focal  parameters  were  then 
calculated  from  the  moment  tensor  by  representing  the  source  as  a  point  double-couple. 

To  determine  if  this  approach  would  yield  a  source  depth  consistent  with  the  depth 
determination  from  the  short-period  records  (Figure  2),  inversions  were  performed  for 
sources  between  depths  of  22  and  40  kms.  The  focal  depth  was  then  taken  as  the  source 
depth  which  yielded  the  best  fit  between  the  data  and  the  synthetic  waveforms.  When  the 
source  depth  increased  beyond  36  km  depth,  two  cases  were  considered;  (a)  a  source  at 
various  depths  in  the  mantle  with  a  Moho  fixed  at  36  km  depth,  and  (b)  a  source  in  the 
crust  with  the  Moho  depth  adjusted  so  that  the  Moho  was  always  just  beneath  the  source. 
For  estimating  the  quality  of  fit  between  the  synthetics  and  the  data,  three  different 
statistical  measures  of  the  difference  between  the  data  and  synthetics  were  monitored;  (1) 
the  least-squares  error  (lse),  (2)  the  root-mean-square  error  (rms),  and  (3)  the  percentage 
of  compensated  linear  vector  dipole  (clvd).  These  parameters  are  plotted  in  Figure  3,  and 
although  there  is  no  clear  minimum  in  the  rms  curve,  the  lse  curve  has  a  broad  minimum  at 
36  km  depth,  and  the  clvd  term  has  minima  at  depths  of  32  and  38  km.  This  result  is 
consistent  with  the  source  depth  estimate  of  36.5  km  from  the  short-period  records. 

The  results  of  the  inversion  for  a  36  km  deep  source  are  shown  in  Figure  4.  The 
fault  plane  solution  shows  normal  faulting  with  primarily  northeast-southwest  extension. 
The  source  mechanism  was  stable  over  a  wide  depth  range,  lending  validity  to  the 
mechanism.  The  mechanism  is  also  similar  to  the  one  reported  in  the  Harvard  CMT 
catalog,  although  our  source  depth  is  deeper  by  16  km. 

Source  parameters  for  event  2  come  from  a  detailed  study  by  Wagner  and 
Langston  (1988),  where  the  focal  mechanism  was  obtained  by  inverting  12  P-  and  7  SH- 
waves  recorded  at  WWSSN  stations  for  moment  tensor  and  source  time  function. 
Inversion  yielded  a  nearly  pure  sinistral  strike-slip  fault  and  a  focal  depth  of  4  km.  A 
source  depth  of  4  km  was  also  obtained  from  sP-P  times  on  several  short-period  records. 

To  examine  crustal  and  upper  mantle  structure,  we  have  modeled  the  Pnl  waves 
generated  by  these  two  events  and  recorded  at  stations  BCAO,  PRE  and  WIN.  We  use  a 
wave  number  integration  algorithm  to  generate  our  synthetic  seismograms,  assuming 
plane-layered  structures  and  dislocation  sources.  A  number  of  synthetic  waveforms  have 
been  generated  to  determine  how  variations  in  crustal  and  upper  mantle  structure  affect 
the  Pn  and  PL  portions  of  the  waveforms.  Variations  in  model  parameters  that  have  so  far 
been  examined  include;  (1)  crustal  thicknesses  of  36,  40,  45  and  50  km,  (2)  positive  P- 
wave  velocity  gradients  in  the  mantle  between  0.0007  and  0.0066  s'*,  and  (3)  40,  60  and 


Figure  2.  Short-period  vertical  records,  (a)  Trace  from  CHTO  (dashed  line)  and  the 
beamformed  trace  at  GRFO  (solid  line  with  reversed  polarity  to  facilitate  comparison  with 
record  from  CHTO).  (b)  Trace  from  CHTO  showing  P,  pP,  and  sP  arrivals. 


Figure  3.  Moment  tensor  inversion  errors  for  event  1.  See  text  for  discussion;  solid  and 
dotted  lines  show  results  for  case  a  and  b,  respectively. 
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Figure  4.  Focal  mechanism  (lower  hemisphere  projection)  for  event  1 .  For  each  station, 
the  upper  trace  is  the  data  and  the  lower  trace  is  the  synthetic  waveform.  Waveforms  are 
normalized  to  their  maximum  amplitude,  lie  marks  on  the  upper  traces  bracket  the  time 
window  used  in  the  inversion.  The  source  time  function  is  shown  in  the  lower  right 
comer. 
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Figure  5.  (a)  Pjj  waveform  from  BCAO  (solid  line)  and  synthetic  waveforms  for  models 
with  (1)  a  60  km  thick  low  velocity  zone  beginning  at  275  km  depth  (dashed  line)  and  (2) 
no  low  velocity  zone  in  the  upper  mantle  (dotted  line).  Both  models  have  a  45  km  thick 
crust  and  upper  mantle  velocity  gradients  of  0.003  s'*.  Further  details  of  the  velocity 
models  are  shown  in  (b). 
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100  km  thick  upper  mantle  low  velocity  zones  (LVZ)  beginning  at  depths  of  125, 175,  225 
and  275  kms. 


The  results  of  the  best  fit  between  the  Pnl  waveform  recorded  at  BCAO  from 
event  1  and  the  synthetic  waveforms  are  shown  in  Figure  5a.  The  best  fitting  synthetic 
waveform  was  generated  from  a  model  with  a  crustal  thickness  of  45  km,  a  mantle 
velocity  gradient  of  0.003  s'*.  and  a  60  km  thick  LVZ  beginning  at  a  depth  of  275  km 
(Figure  5b).  Amplitude  and  period  of  the  PL  wave  are  matched  fairly  well  (except  for  the 
large  downswing  at  105  s),  suggesting  that  the  first-order  crustal  structure  in  this  model  is 
correct.  In  the  Pn  portion  of  the  waveform,  the  amplitude  and  timing  of  the  first  arrival  is 
well  matched  for  an  upper  mantle  LVZ  beginning  at  275  km  depth,  but  this  model  also 
produces  a  second  upswing  not  observed  in  the  data  at  ~  50  sec.  Clearly,  upper  mantle 
structure  in  the  model  needs  further  refinement  in  order  to  explain  fully  the  Pn  portion  of 
the  waveform,  but  nonetheless  our  preliminary  results  suggest  that  the  average  crustal 
thickness  across  the  Congo  Basin  is  -45  km,  and  that  the  upper  mantle  is  characterized  by 
a  positive  velocity  gradient  of  -  0.003  s'*  above  the  LVZ.  The  synthetic  waveform  for  a 
model  with  no  LVZ  is  shown  for  comparison  in  Figure  5a,  and  it  is  obvious  that  such  a 
model  does  not  reproduce  the  main  features  of  Pn  very  well. 


Of  the  models  tested  so  far,  the  synthetic  waveforms  which  provide  the  overall 
best  match  to  the  Pnl  waveforms  recorded  at  PRE  and  WIN  from  event  2  are  shown  in 
Figure  6.  The  PL  portion  of  the  waveform  at  PRE  is  fit  well  but  not  at  WIN,  where  there 
are  differences  in  both  amplitude  and  period,  suggesting  that  average  crustal  thickness  in 
the  area  between  event  2  and  WIN  is  less  than  45  km.  The  Pn  portions  of  the  waveforms 
at  both  PRE  and  WIN  are  fairly  well  matched,  although  in  each  record  the  amplitude  of 
the  first  arrival  in  the  synthetic  is  somewhat  larger  than  in  the  data,  perhaps  because  the 
upper  mantle  velocity  gradient  is  lower  than  0.003  s*1,  and/or  the  LVZ  has  a  stronger 
effect  on  Pn  than  in  any  of  our  models. 


Conclusions 

Our  preliminary  results  suggest  that  the  lithosphere  beneath  central  and  southern 
Africa  has  similar  structure  characterized  by  40-45  km  thick  crust  and  small,  positive 
velocity  gradients  in  the  upper  mantle.  If  this  finding  can  be  corroborated  by  additional 
modeling,  it  would  indicate  that  wave  propagation  through  the  African  superswell,  a 
region  with  elevated  heat  flow  and  fractured  by  Mesozoic  and  Cenozoic  rifts,  may  not  be 
any  less  efficient  than  in  other  shield  areas  of  Africa.  Future  work  will  concentrate  on 
refining  models  of  crustal  and  upper  mantle  structure  for  the  source-receiver  paths 
described  above,  with  particular  emphasis  placed  on  understanding  the  nature  of  the  low 
velocity  zones  within  the  upper  mantle,  or  the  lack  thereof.  In  addition,  we  plan  to  model 
other  source-receiver  paths  both  within  and  outside  the  African  superswell,  focusing  on 
waveforms  recorded  at  a  variety  of  regional  distances. 
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Figure  6.  Pjj  waveforms  from  (a)  PRE  and  (b)  WIN  (solid  lines)  and  synthetic  waveforms 
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Objective 

The  primary  role  seismology  plays  in  monitoring  nuclear  test  ban  treaties  is  in  the  detec¬ 
tion,  location,  and  discrimination  of  clandestine  underground  tests.  This  role  has  changed 
somewhat  in  recent  years  as  we  are  now  faced  with  the  task  of  monitoring  much  of  the 
globe  for  smaller  events  indicative  of  countries  attempting  to  develop  nuclear  weapons. 
To  aid  in  the  continued  effort  to  improve  our  ability  to  detect,  locate  and  discriminate 
between  small  earthquakes,  industrial  explosions,  and  nuclear  tests,  we  have  focused  our 
research  on  two  areas:  (1)  the  use  of  broadband  three-component  array  data  to  aid  in 
event  detection  and  location,  particularly  in  regions  with  little  or  no  coverage,  and  (2)  the 
characterization  of  lithospheric  heterogeneities  with  the  main  objective  being  to  answer 
questions  regarding  regional  wave  propagation  through  laterally  heterogeneous  media 
which  will  in  turn  prove  useful  in  waveform  modeling  to  distinguish  between  chemical, 
nuclear  and  natural  sources. 


Research  Accomplished 

In  the  following  sections  we  will  demonstrate  an  eigen- analysis  signal  detection  and  wave¬ 
form  estimation  approach  using  data  from  an  IRIS  Joint  Seismic  Program  array  operated 
near  Ashkhabad,  Turkmenistan  (Pavlis  et  ai.,  1993).  The  array  geometry  and  instru¬ 
mentation  were  employed  to  help  investigate  some  of  the  fundamental  questions  about 
high-frequency  regional  wave  propagation  and  the  use  of  high-frequency  energy  to  help 
discriminate  between  natural  and  explosive  sources.  The  site  is  located  at  regional  dis¬ 
tance  from  areas  of  current  and  not  too  distant  historical  interest.  Figure  1  shows  the 
Geyocha  array  geometry  and  broadband  three-component  data  from  a  mj,  4.0  event  that 
occurred  in  Iran  approximately  10.1°  SSW  of  the  array.  The  data  used  in  this  paper  are 
the  continuous,  20  sample/sec  streams  from  the  9  Streckeisen  STS-2  broadband  sensors. 


Multi-Channel  Data  Analysis 

Multi-channel  seismic  data  plays  an  important  role  in  monitoring  nuclear  test  ban  treaties. 
With  multi-channel  data,  we  can  estimate  a  signal’s  propagation  direction,  velocity,  and 
polarization  characteristics  by  finding  the  location  in  the  multi-dimensional  space  where 
the  data  exhibits  the  greatest  variance.  This  information  can  be  used  to  locate  the  source 
and  to  improve  the  S/N  to  aid  in  waveform  modeling  for  source  parameters. 
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Figure  1:  Map  of  the  Iran-Turkmenistan  region  showing  the  locations  of  the  array  and  the 
mfc  4.0  event,  the  Geybcha  array  geometry,  and  645  secs  of  broadband  three-component 
data  from  the  array’s  center  site. 
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The  magnitude  of  the  data  variance  in  an  arbitrary  location  x  in  the  multi-dimensional 
space  is  given  by  the  Hermitian  form 


x*  R  x  =  R(x)  (1) 

where  *  denotes  conjugate  transpose  and  R  is  the  sample  covariance  matrix.  In  multi¬ 
dimensional  analysis,  the  covariance  matrix  plays  a  role  analogous  to  that  of  the  autoco¬ 
variance  function  in  one-dimensional  time  series  analysis.  Element  R^j  of  the  covariance 
matrix  is  the  inner  product  of  the  data  vectors  from  channels  i  and  j .  The  diagonal 
elements  (i=j)  are  the  variances  and  the  off-diagonal  elements  (i^j)  the  covariances. 
The  covariances  provide  a  measure  of  the  linear  dependence  between  the  data  channels. 

With  array  data,  we  can  map  the  magnitude  of  the  data  variance  in  the  multi¬ 
dimensional  space  by  forming  beams.  In  beamforming,  the  x  parameterize  the  channel- 
wise  amplitude  and  phase  variations  across  the  array  for  an  assumed  signal  model.  The 
assumed  signal’s  amplitude  and  phase  variations  are  functions  of  the  array  geometry,  the 
shape  of  the  wavefront,  the  signal’s  propagation  direction,  apparent  propagation  velocity 
and  frequency  content,  and  for  three- component  array  data,  the  signal’s  polarization. 
The  x  are,  therefore,  functions  of  up  to  5  variables.  The  models  used  to  search  for  the 
maximum  variance  are  usually  restricted  to  plane  waves  with  a  few  selected  bearings,  ve¬ 
locities  and  frequencies.  This  speeds  the  computations  but  also  provides  biased  results. 
Using  multi-component  array  data  implies  a  search  that  is  either  very  limited  or  very 
time  consuming. 

An  alternative  approach  to  the  search  for  the  maximum  variance  is  provided  by  asking 
for  R’s  eigenvalues  (A- )  and  eigenvectors  (v-).  The  eigenvalues  and  eigenvectors  can  be 
obtained  by  asking  for  the  principal  axes  of  the  surface  defined  by  Equation  1  subject 
to  the  geometric  constraint  x*x  =  l.  The  principal  axes  intersect  this  quadric  surface 
at  its  stationary  points  (maxima  and  minima)  which  occur  at  those  points  where  the 
surface  normals  coincide  with  the  radius  vectors;  in  other  words,  at  those  points  where 
Rx  =  Ax.  This  is  the  fundamental  equation  of  eigenvalue  analysis.  The  principal  axes  of 
the  representation  quadric  are  identical  to  those  of  R’  quadratic  form,  but  because  of 
the  geometric  constraint,  the  lengths  of  quadric’s  princj”  :is  are  inversely  proportional 
to  the  magnitude  of  the  data  variance  in  those  direction^ 

The  eigenvectors  define  a  basis  that  is  the  data’s  preferred  frame  of  reference.  The 
approaches  discussed  in  this  paper  simply  involve  examining  the  data  from  this  natural 
reference  system.  Changing  to  this  reference  frame  greatly  simplifies  analysis.  One 
advantage  of  this  approach  is  that  we  need  not  assume  a  signal  model;  the  model  is 
provided  by  the  data  itself.  This  is  particularly  important  when  dealing  with  high- 
frequency  data  because  of  their  sensitivity  to  small  scale  lateral  heterogeneities  that 
commonly  results  in  arbitrary  polarization,  amplitude,  and  phase  variations  that  cause 
the  signal  to  depart  from  the  idealized  models  used  in  most  analysis  approaches. 
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Figure  2:  Highpass  filtered  data  and  the  corresponding  broadband,  0.5-10  Hz,  At(t) 
computed  for  the  single  (z)  and  three-component  (3c)  array  data  using  a  sliding,  4  sec 
data  window.  The  approximate  phase  velocities  appropriate  for  the  mj,  4.0  event  are  also 
shown. 


Signal  Detection 


The  principal  component  eigenvector  defines  the  model  that  accounts  for  the  greatest 
data  variance  (i.e.  minimizes  the  residual-variance  between  the  model  and  observations). 
The  principal  component  eigenvalue  provides  a  measure  of  the  variance  accounted  for  by 
the  principal  component  eigenvector.  Beamforming-like  signed  detection  can,  therefore, 
be  accomplished  without  forming  a  single  beam.  An  eigenstructure  detection  algorithm 
can  be  used  with  three- component,  single-component  array,  or  multi-component  array 
data  with  absolutely  no  modifications.  Figure  2  shows  the  highpass  filtered  data  from 
Figure  1  and  the  magnitude  of  the  principal  component  eigenvalue  as  a  function  of  time. 
This  statistic  simply  provides  a  measure  of  largest  component  of  channel-wise  coherent 
energy  a  function  of  time.  Both  the  m*.  4.0  and  several  local  events  are  easily  detected. 

Advantages  of  this  approach  include:  (1)  because  we  need  only  the  largest  eigenvalue 
and  none  of  the  eigenvectors,  it  is  very  fast;  (2)  it  allows  us  to  easily  incorporate  three- 
component  array  data  which,  as  illustrated  in  Figure  2,  enables  us  to  detect  shear  arrivals 
that  are  missed  by  a  vertical  component  array;  (3)  it  prevents  us  from  missing  signals  that 
do  not  conform  to  our  biased,  and  more  often  than  not,  overly  idealized  signal  models; 
(4)  because  R  is  reduced  to  its  canonical  form,  spatial  filtering  implies  only  the  inner 
product  of  vectors. 
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Figure  3:  Broadband  Pn  («8.1  km/sec,  0.5-10  Hz)  and  S  («3.5  km/sec,  0.25-10  Hz)  A; 
magnitudes  computed  using  single  (9  channels)  and  three- component  (27  channels)  array 
data. 


Waveform  Estimation 


In  an  ideal  situation,  the  multi-dimensional  data  space  can  be  partitioned  into  signal  and 
noise  subspaces  based  on  the  magnitude  of  the  eigenvalues  (Schmidt,  1979).  In  an  ideal 
situation  noise  is  channel-wise  incoherent.  If  we  have  N  sensors,  M  signals  and  ideal 
noise,  the  eigenvalue  will  be  equal  to  the  noise  variance  and  have  multiplicity 

N—M.  The  significance  of  multiple  eigenvalues  is  that  the  associated  eigenvectors  are  not 
uniquely  determined.  Unfortunately,  seismic  noise  does  not  exhibit  this  feature.  Figure  3 
shows  the  magnitude  of  the  eigenvalues  for  Pn  («8.1  km/sec)  and  shear  arrivals  (~3.5 
km/sec)  which  have  presumably  traveled  through  the  crustal  wave  guide,  for  the  single 
and  three-component  array  cases.  While  some  eigenvalues  are  significantly  greater  than 
others,  the  smaller  eigenvalues  are  far  from  equal.  Figure  4  shows  the  waveforms  com¬ 
puted  by  projecting  the  observed  data  f(w)  onto  the  subspaces  defined  by  vj(u;),  i=l,2,3,4, 
separately,  for  the  P  and  S  waves  using  single  and  three-component  array  data.  In  other 
words,  computing  the  inner  product  of  the  data  f(u>)  and  eigenvectors  Vj(u>)  (Gething, 
1971).  In  some  instances,  these  waveform  estimates  should  include  several  vj(u;),  while  in 
others  maximum  S/N  gain  can  be  realized  by  using  none.  Figure  3  provides  some  insight 
into  the  the  difficulty  in  determining  how  to  truncate  the  eigenspace.  We  should  note  that 
in  cases  where  there  axe  superimposed  signals,  individual  eigenvectors  will  parameterize 
individual  signals  only  if  the  signals’  mode  vectors  are  in  fact  orthogonal. 
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Figure  4:  P  and  S  waveform  estimates  computed  using,  separately,  the  single  and  three- 
component  array  Vj(a>),  i=l,2,3,4.  The  appropriate  approximate  phase  velocities  are  also 
shown  (see  Figure  2).  The  P  and  S  estimates  were  computed  using  the  0.5-10  Hz  and 
0.25-10  Hz  bands,  respectively. 


Differences  between  the  P  and  5  waveform  estimates  provided  by  the  single  and 
three-component  array  data  illustrate  two  important  features.  First,  a  comparison  of  the 
S  wave  estimates  shows  that  a  considerable  amount  of  information  is  lost  with  single¬ 
component  array  data.  Second,  three-component  array  data  is  capable  of  providing 
improved  S/N  gains  only  if  the  signal  is  partitioned  between  all  three-components.  A 
comparison  of  the  P  wave  estimates  reveals  that  the  single-component  estimate  has  a 
higher  S/N  than  the  three-component  estimate.  This  is  simply  due  to  the  fact  that  the 
thick,  low  velocity  sediments  underlying  the  Geyocha  site  turn  incoming  rays  sharply 
upward,  resulting  in  P  arrivals  that  are  almost  completely  vertically  polarized.  In  this 
case,  the  horizontal  components  add  only  noise,  resulting  in  a  lower  S/N  because  the 
noise  at  this  site  is  far  from  random. 


Conclusions  &  Recommendations 

Principal  component  analysis  has  been  a  popular  tool  for  multivariate  data  analysis  for 
more  than  60  years  (cf.  Hotelling,  1933).  The  explicit  use  of  the  eigenvalues  and  eigen¬ 
vectors  in  multi-dimensional  signal  analysis  was  introduced  by  Pisarenko  (1973).  Despite 
the  fact  that  seismic  noise  is  not  ideal  noise,  principal  component  analysis  provides  a 
powerful  data  reduction  approach  that  allows  us  to  eliminate  those  features  in  the  data 
that  are  either  insignificant  and/or  poorly  constrained. 

Both  the  signal  detection  statistics  and  waveform  estimates  obtained  using  this  ap¬ 
proach  are  surprisingly  good  considering  the  relative  simplicity  and  speed  of  the  com¬ 
putations  involved.  Figures  2,  3  and  4  illustrate  that  considerable  work  is  needed  to 
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obtain  optimal  estimates.  In  particular,  further  work  is  needed  to  find  the  best  way  to 
truncate  the  eigenspace  for  cases  where  the  noise  is  not  a  white,  zero  mean,  Gaussian 
process.  The  single-component  array’s  superior  P  wave  S/N  gain  suggests  that  further 
improvements  can  be  realized  by  adopting  alternative  approaches  for  multi-component 
array  data  (Wagner  k  Owens,  1993a, b). 

Finally,  this  paper  helps  illustrate  the  advantages  of  broadband  three-component 
array  data.  High-frequency,  single- component  arrays  are  oblivious  to  a  wealth  of  in¬ 
formation  that  is  crucial  for  monitoring  nuclear  test  ban  treaties.  A  prime  example  is 
discriminants  that  use  a  mixture  of  vector  wave  types,  such  as  Lgj  P  ratios. 
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Objective: 

The  role  of  seismology  in  monitoring  compliance  with  nuclear  non-proliferation  on 
comprehensive  test  ban  treaties  is  one  of  detection  and  discrimination  of  low-yield  devices  in 
uncalibrated  geologic  environments.  The  low-yield  condition  requires  that  the  backbone  of  the 
monitoring  effort  be  at  regional  distances,  where  broadband  seismic  signals  are  a  complex 
combination  of  both  propagation  and  source  effects.  Thus,  is  is  essential  to  “calibrate”  regions  of 
interest  by  studying  the  propagation  characteristics  of  earthquakes  and  mining  seismicity  (mining 
explosions  and  rock  bursts).  Further,  it  is  likely  that  a  “suspect  event”  will  be  recorded  by  a 
limited  number  of  regional  distance  stations,  so  it  is  important  to  develop  a  full  range  of  algorithms 
to  detect,  locate,  and  discriminate  seismic  events  at  a  single  broadband  seismic  station. 

In  this  project  we  have  investigated  a  number  of  regions;  in  this  final  stage  of  research  we 
have  concentrated  on  western  South  America. 

Research  Accomplished: 

In  the  recent  past  several  countries  of  South  America  were  suspected  of  having  programs  to 
develop  nuclear  weapons.  The  crustal  structure  of  South  America  is  poorly  characterized  in  terms 
of  seismic  wave  propagation  efficiency.  However,  it  is  known  that  there  are  many  anomalous  path 
effects.  Some  paths  exhibit  extraordinary  attenuation;  others  show  preferential  blockage  of  certain 
regional  phases  such  as  Pn  and  Pg.  This  fact,  coupled  with  a  relative  high  level  of  shallow 
seismicity,  numerous  large  mines,  and  large  historical  mining  rock  bursts,  makes  South  America 
an  important  target  for  further  characterization. 

Figure  1  shows  the  location  of  several  shallow  earthquakes  (21  events)  and  recording 
stations  in  western  South  America.  Using  this  data  base  we  determined  the  gross  crustal  structure 
for  the  Altiplano,  the  Peruvian  Andes,  and  northern  Chile.  We  modeled  the  entire  regional 
waveform  using  the  reflectivity  method  in  the  pass  band  of  20  to  100  seconds.  The  observed  and 
synthetic  waveforms  are  correlated;  we  use  a  grid  search  to  maximize  the  correlation  in  terms  of 
average  crustal  thickness,  crustal  velocity,  and  lid  structure.  There  are  trade-offs  between  the 
various  model  parameters,  so  we  investigated  the  resolution  by  a  series  of  synthetic  tests.  In 
particular,  we  investigated  the  effects  of  lateral  variations  in  structure,  the  effect  of  event 
mislocation,  the  sensitivity  of  waveform  fit  to  attenuation,  the  effects  of  uncertainty  in  the  crustal 
Vp/Vs  ratio,  and  the  signature  of  the  mantle  lid  thickness.  We  developed  error  bounds  on  the  basis 
of  these  experiments. 

We  have  grouped  seismic  events  based  on  similar  event-station  paths.  Ideally,  similar 
event-station  paths  should  sample  a  ’’similar”  structural  column.  Three  regions  were  generalized: 


(1)  the  Peruvian  Andes  north  of  the  IDA/IRIS  station  NNA,  (2)  paths  which  crossed  the  Altiplano, 
and  (3)  a  transition  zone  from  the  Peruvian  Andes  to  the  Altiplano.  Figure  2a  shows  five  event- 
station  paths  used  to  characterize  the  Peruvian  Andes.  These  events  are  all  located  within  3°  of 
each  other,  and  they  sample  similar  paths.  A  wide  range  of  crustal  thicknesses  and  velocities  were 
tested  in  order  to  determine  a  best  fit  between  the  data  and  synthetics.  A  two-layered  crust,  a 
mantle  lid,  and  a  high-velocity  subducting  slab  (approximately  flat  layering)  were  used  to  model 
the  events.  Figure  2b  shows  examples  of  the  grid  searches  where  the  highest  correlation 
coefficient  indicates  the  best  fit.  The  “best”  average  gross  structure  parameters  are  an  average 
crustal  thickness  of  48  km  and  an  average  crustal  velocity  of  6.18  km/s.  There  is  no  asthenospheric 
wedge  for  this  area  (due  to  the  flat  subduction  from  8°  to  13°S  [Cahill  and  Isacks,  1992]). 
Therefore  we  modeled  the  mantle  with  a  40-km-thick  layer  underlain  by  a  high-velocity  zone 
(representing  the  slab).  The  data  do  not  appear  to  be  sensitive  to  the  upper  mantle  structure 
(although  a  wide  range  of  parameters  was  tested). 

Figure  3a  shows  the  travel  paths  used  to  constrain  the  structure  of  the  Altiplano.  For  these 
events  a  three-layered  crust  was  used,  with  a  10-km-thick  sedimentary  cover  with  a  P- wave 
velocity  of  5.0  km/s.  The  average  results  are  a  crustal  thickness  of  75  km  and  a  P-wave  velocity  of 
5.95  km/s.  There  was  considerable  variation  in  the  results  from  individual  travel  paths.  In 
particular,  events  which  had  paths  mainly  confined  to  the  Altiplano  typical'y  require  very  thick 
crustal  columns  (>80  km).  However,  paths  which  traverse  the  coastal  range  require  a  thinner  crust 
(60-65  km). 

Figure  4  shows  three  events  south  of  NNA  and  four  events  north  of  ZOBO.  These  paths 
were  in  the  transition  zone  between  the  Ande*  and  Altiplano.  The  individual  paths  showed 
variations  in  crustal  thickness  of  between  55  and  70  km  with  an  average  of  62  km.  The  crust  P- 
wave  velocity  was  also  transitional  between  the  relative  high  velocities  of  the  Peruvian  Andes  and 
the  Altiplano. 

The  rapid  variations  of  crustal  thickness  strongly  suggest  a  causative  phenomenology  for 
the  observed  variations  in  regional  seismic  phases.  As  an  additional  constraint  and  a  first-order 
check  on  the  modeling  results,  we  determined  the  teleseismic  receiver  function  beneath  the  GTSN 
station  LPAZ,  which  was  recently  installed  northeast  of  La  Paz  in  the  Eastern  Cordillera.  We 
computed  two  receiver  function  stacks  using  two  teleseismic  seismograms  from  a  NW  azimuth  (the 
events  were  located  near  Guerrero,  Mexico)  and  two  events  from  the  NE  (the  events  were  located 
near  the  Mid-Atlantic  Ridge.  Although  the  crustal  column  sampled  by  these  teleseismic  events  is 
not  exactly  the  same  as  that  sampled  by  the  regional  waveforms,  these  events  provide  a  good 
estimate  of  the  crustal  structure  of  the  Eastern  Cordillera.  Figure  5  shows  a  comparison  of  two 
stacks  (NW  and  NE  azimuths)  with  synthetics  from  layered  models.  For  the  NW  stack  there  is  a 
large  Ps  conversion  7.6  s  after  the  crustal  P  arrival;  this  Ps  conversion  is  observed  7.3  s  after  the  P 
wave.  These  large  second  arrivals  are  the  P  to  S  conversion  at  the  base  of  the  crust.  The  NW 
stack  is  best  modeled  with  a  54-km-thick  crust  and  an  average  crustal  velocity  of  6.1  km/s,  while 
the  NE  stack  is  best  modeled  with  a  three -layered  crust,  56  km  thick  and  having  an  average  crustal 
velocity  of  6.18  km/s.  These  results  contrast  with  the  the  crustal  structure  derived  for  the 
Altiplano.  This  suggests  that  the  Eastern  Cordillera  crust  is  much  thinner  than  that  beneath  the 
Altiplano  and  that  the  crustal  thickness  must  change  dramatically  over  relatively  small  distances. 

Figure  6  summarizes  the  crustal  thicknesses  and  velocities  for  western  South  America. 
There  are  distinct  differences  between  the  Peruvian  Andes,  the  Altiplano,  and  the  Eastern 
Cordillera.  The  paths  for  the  Peruvian  Andes  generally  show  a  crustal  thickness  between  40  and 
50  km.  The  paths  for  the  Altiplano  show  crustal  thickness  ranging  from  65  to  80  km.  The  crustal 
thicknesses  for  the  transition  paths  indicate  a  crustal  thickening  from  north  to  south.  The  region 
between  stations  NNA  and  ZOBO,  transitional  between  the  Andes  and  the  Altiplano,  has  a  crustal 
thickness  ranging  between  60  and  70  km. 
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The  western  margin  of  South  America  has  one  of  the  most  rapidly  varying  crustal  columns 
in  the  world.  We  have  developed  gross  crustal  models  to  account  for  the  variations.  It  remains  to 
be  tested  whether  our  parameterization  can  explain  observed  variations  in  short-period  propagation. 
Most  spectral  discriminants  are  based  on  two  things:  (1)  given  the  same  zero  frequency  moment, 
an  earthquake  will  be  enriched  in  high  frequencies  as  compared  to  an  explosion,  and  (2) 
earthquakes  will  excite  more  S-wave-type  energy  than  explosions.  Typical  spectral  discriminants 
ratio  die  amplitude  of  a  particular  regional  distance  phase  in  narrow  bands.  Various  phase-pair 
ratios,  such  as  Pg/PL  and  Pn/Lg,  show  good  separation  of  earthquakes  and  explosion  populations. 
It  is  essential  to  empirically  map  the  “base-line”  trend  of  these  discriminants,  and  that  can  only  be 
done  with  regional  characterization. 
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Figure  1:  Study  region,  the  western  margin  of  South  America.  The  Altiplano-Puna  Plateau  from 
14°  to  30°S  has  a  mean  elevation  of  4  km.  The  black  dots  represent  the  locations  of  the 
events  used  in  this  study,  while  the  stations  are  shown  with  triangles  or  squares. 


Figure  2:  (a)  Location  of  the  travel  paths  used  in  the  study  of  the  Peruvian  Andes. 

(b)  Correlation  coefficient  comparisons  for  some  of  the  events  used  in  the  Peruvian 
Andes  study.  The  correlation  coefficient  is  contoured  as  a  function  of  average 
crustal  thickness  and  average  crustal  velocity. 
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Figure  3:  Travel  paths  used  for  the  Aldplano  study. 


Figure  4:  Travel  paths  used  for  the  transition  zone  study. 


Figure  5:  (a)  Comparison  of  the  receiver  function  data  stack  and  the  synthetics  from  events  to 
the  northwest.  Note  the  P-to-S  conversion  7.6  seconds  after  the  P- wave  arrival, 
(b)  Comparison  of  the  receiver  function  data  stack  and  the  synthetics  for  events  NE  of 
the  recording  station  LPAZ. 
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Figure  6:  Composite  crustal  thickness  estimates  and  corresponding  average  crustal  velocities  for 
the  Peruvian  Andes,  the  transition  zone,  and  the  Altiplano.  Also  shown  is  the  average 
crustal  thickness  and  velocities  for  the  receiver  function  analysis  done  for  LPAZ.  i 
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Objective: 

It  is  essential  to  develop  a  detailed  understanding  of  the  broadband  seismic  phases  from 
nuclear  explosions,  chemical  explosions,  and  earthquakes  for  accurate  discrimination  techniques. 
This  will  require  development  of  both  empirical  and  analytical  models.  Much  work  has  been  done 
on  the  detection/discrimination  problem  in  the  western  U.S.  (NTS)  and  for  the  former  Soviet 
Union  (Novalya  Zemlya,  Kazakhstan),  and  some  promising  regional  distance  discriminants  such 
as  spectral  ratios,  spectral  scalloping,  and  MqJMl  have  been  developed.  Unfortunately,  the 
character  of  regional  phases  is  extremely  sensitive  to  differences  in  propagation  paths.  This  casts 
doubt  on  the  transportability  of  the  present  suite  of  discriminants  to  regions  in  which  there  is  no 
experience  in  characterizing  regional  wave  propagation.  In  this  contract  we  are  targeting  two 
regions  of  monitoring  interest  (the  Korean  Peninsula  and  South  America)  and  developing  data 
bases  for  seismic  propagation  characterization. 

Research  Accomplished: 

We  have  begun  to  develop  data  bases  of  regional  waveforms  for  earthquakes,  chemical 
explosions,  and  rock  bursts  in  the  Korean  Peninsula  and  South  America  (principally  Argentina  and 
Chile).  Our  objective  is  fairly  straightforward:  develop  an  observational  catalogue,  then  attempt  to 
characterize  the  propagation  effects  and  calibrate  the  source  effects. 

Until  recently  both  Brazil  and  Argentina  were  considered  potential  nuclear  powers, 
although  both  countries  have  now  endorsed  the  NPT.  However,  South  America  remains  one  of 
the  most  poorly  characterized  continental  regions  in  terms  of  seismic  wave  propagation.  This  is 
principally  due  to  inadequate  coverage  of  the  continent  with  high-quality  seismic  stations.  Recently 
a  temporary  array  of  broadband  seismic  instruments  has  been  deployed  in  the  Central  Andean 
Cordillera  of  Bolivia  and  northern  Chile.  This  deployment,  an  international  experiment  with 
participants  from  the  University  of  Arizona,  the  Carnegie  Institution  of  Washington,  and  Lawrence 
Livermore  National  Laboratory  in  the  USA,  has  two  transects:  an  east- west  transect  called  BANJO 
(Broadband  ANdean  JOint  experiment)  and  a  north-south  transect  called  SEDA  (Seismic 
Exploration  of  the  Deep  Altiplano  experiment)  The  combined  array  provided  an  excellent  platform 
to  collect  waveforms  from  a  number  of  sources.  Figure  1  shows  the  location  of  the  seismic 
stations. 

Figure  2  shows  the  locations  of  large  mines  in  nonhem  Chile.  A  cooperative  effort  with 
the  University  of  Chile  (Dr.  Sergio  Barrientos)  will  allow  us  to  construct  an  expansive  data  base  of 
man-made  seismicity.  These  mines  routinely  have  explosions  in  excess  of  100  tons,  and 
occasional  events  in  excess  of  400  tons.  In  addition,  there  are  several  mines  which  are  in  excess  of 
3  km  depth.  Within  these  mines  there  have  been  some  large  rock  bursts. 
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We  have  just  begun  assembling  a  data  base  for  the  Korean  Peninsula.  Historically,  the 
Peninsula  has  shown  a  relatively  low  level  of  seismicity.  Figure  3  shows  the  location  of 
earthquake  sources  within,  or  near,  the  Peninsula  during  the  time  interval  of  1967-1993  as 
reported  in  the  ISC  and  PPE  catalogues  (magnitude  greater  than  mb  =  3.0).  Although  the  catalogue 
is  not  complete  at  low  magnitudes,  it  is  reasonable  to  assume  that  there  are  only  1-2  shallow 
earthquakes  per  year  which  are  within  regional  distances  of  seismic  stations  operating  in  South 
Korea.  On  the  other  hand,  there  appear  to  be  a  significant  number  of  man-made  seismic  sources 
on  the  Peninsula. 

Conclusions  and  Recommendations 

We  have  just  started  this  contract  and  are  in  the  beginning  stages  in  developing  the  data 
bases  for  future  research.  We  are  taking  advantage  of  an  extensive  array  in  the  central  Altiplano  in 
South  America.  In  Korea  we  have  begun  collecting  data  from  a  broadband  POSEIDON  station.  In 
the  next  few  months  there  will  be  an  IRIS  GSN  station  in  northern  Korea. 
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BANJO  and  SEDA  Seismic  Deployment 
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Figure  1: 


Map  of  BANJO  and  SEDA  broadband  seismic  stations.  The  stations  are  shown  with 
triangles  (presently  operational)  and  squares  (to  be  installed  in  the  fall  of  1994). 
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University  of  Chile  Seismic  Network 


Figure  2:  Location  of  two  large  mines  in  northern  Chile  (squares)  and  the  stations  in  a  she 
penod  network  operated  by  the  University  of  Chile  (triangles). 
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A  Comparison  of  Regional  Explosion  and  Earthquake 
Waveforms  in  North  America  and  Eurasia  with 
Application  to  Event  Discrimination 

Bradley  B.  Woods  and  Chandan  K.  Saikia 

Woodward-Clyde  Federal  Services,  Pasadena,  CA 
Pasadena,  CA 

AFOSR  Contract  No.  F49620-94-C-0046 


OBJECTIVE: 

We  are  investigating  the  applicability/portability  of  four  regional  seismic  discriminants, 
developed  from  southwestern  U.S.  earthquake  and  NTS  explosion  data,  to  data  sets  in  other 
tectonically  active  regions.  Some  of  these  discriminants  are  empirical  in  nature,  while  other 
deterministic  ones  involve  waveform  inversion,  which  in  turn  requires  reasonably  accurate 
crustal  models.  Events  to  be  studied  are  the  U.S.  PNE’s  and  earthquakes  in  the  Colorado 
Plateau/Rockies  region,  explosions  at  the  Kazakh  (CIS)  and  Lop  Nor  (PRC)  test  sites,  as  well 
as  earthquakes  in  the  same  region.  The  discriminants  being  used  here  are  the  ratio  of  in¬ 
tegrated  short-period  P-wave  to  long-period  energy  (predominantly  surface  wave)  summed 
over  the  three  components  (spz-P/lp3)  (Woods  and  Helmberger,  1994),  the  ratio  of  integrated 
short-period  vertical  component  energy  between  the  P  and  S  wavetrains  (spz-P/spz-S),  the  ratio 
of  Ml  to  scalar  seismic  moment  (Mq)  (Woods  et  al,  1993),  and  the  ratio  of  the  broadband 
energy  (ME),  integrated  along  the  entire  wavetrain,  to  the  broadband  moment  (MB)  (Zhao  and 
Helmberger,  1994). 

Besides  determining  whether  or  not  these  discriminants  are  effective  in  the  various  loca¬ 
tions,  it  will  be  possible  to  calibrate  the  effective  discriminant  parameters  for  these  different 
regions,  so  that  an  event  from  any  such  area  can  be  incorporated  into  a  unified  database. 
Once  the  crustal  structures  are  established  for  the  Kazakh/Lop  Nor  region,  the  earth  structure 
modeling  will  be  continued  to  the  west  into  Pakistan  and  eastern  Iran.  Parameters  for  the 
above  successful  discriminants  will  be  determined  for  a  large  earthquake  data  set  for  this  re¬ 
gion  in  order  to  calibrate  the  discriminants,  thus  establishing  criteria  to  detect  a  "first-blast" 
for  the  area.  The  crustal  structures  which  come  out  of  this  study  will  also  be  of  use  for  cali¬ 
brating  other  discriminants  which  make  use  of  regional  seismic  phases,  such  as  Pn,  Pg  and  Lg. 

RESEARCH  ACCOMPLISHED: 

Although  we  are  still  involved  in  an  exhaustive  data  search  for  the  study  regions,  we  do 
have  some  preliminary  results  for  the  Kazakh/Lop  Nor  region,  shown  in  figure  1.  In  order  to 
gain  insight  into  the  differences  and/or  similarities  of  the  discrimination  parameters  between 
regions,  it  is  necessary  to  compare  waveforms  as  well.  Figure  2  shows  vertical  component 
displacements  for  explosions  from  Lop  Nor,  Kazakh,  and  the  three  distinct  NTS  sub-areas. 
All  records  are  at  distances  between  210  and  255  km.  The  BAY  recording  of  the  Kazakh 
event  is  from  an  intermediate-period  instrument,  thus  enhancing  the  surface  wave  and  surface 
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wave  coda  relative  to  the  short-period  body-waves.  One  of  the  most  striking  features  is  that 
the  Lop  Nor  (particularly)  and  Kazakh  wavetrains  show  significantly  less  energy  in  scattered 
phases  and  coda  than  do  the  NTS  events.  In  other  words  the  central  Asian  explosion 
waveforms  appear  to  be  more  deterministic  than  those  from  NTS.  The  Asian  explosions  also 
appear  to  be  richer  in  high-frequency;  whether  this  is  attributable  to  the  source  or  a  higher 
crustal  and  upper-mantle  Q  is  not  clear.  As  the  data  set  expands,  more  comprehensive  com¬ 
parisons  will  be  made. 

We  have  applied  the  empirical  discriminants  to  the  central  Asian  data.  Figure  3a  plots 
the  spz-P/lp3  integrated  energy  ratio  vs.  distance.  Explosions  are  circles  and  earthquakes  are 
crosses,  and  each  datum  point  represents  one  station  -  event  pair.  This  method  yields  good 
separation  of  the  two  populations.  Obviously  more  data  is  necessary  to  establish  any  firm 
conclusions.  We  compare  these  results  to  our  previous  North  American  results  in  figure  3b 
and  find  that  earthquakes  and  explosions  demonstrate  the  same  trends  in  Asia  as  they  do  in 
North  America,  although  several  Asian  earthquakes  near  500  km  have  relatively  high  spz-P/lp3 
ratios.  The  Asian  explosions  also  plot  fairly  high,  suggesting  the  the  regional  crustal  structure 
and  Q  may  be  responsible  for  these  differences. 

Another  promising  empirical  discriminant  is  the  ratio  of  integrated  spz-P/spz-S.  Figure  4a 
shows  an  example  of  WMQ  recordings  of  a  Lop  Nor  explosion  and  a  nearby  earthquake  (an 
"X"  in  figure  1).  These  two  events  are  recorded  at  the  same  distance  (d=238.5  km).  These 
vertical  component  seismograms  have  been  bandpass  filtered  between  3-8  Hz.  It  is  in  this 
frequency  band  that  the  relative  shear-wave  energy  is  least  for  observed  explosions.  In  this 
case,  the  difference  in  the  P  to  S  integrated  energy  ratio  between  events  is  more  than  a  factor 
of  160.  These  two  events  are  recorded  at  the  same  distance.  Figure  4b  plots  this  ratio  vs. 
distance  for  Asian  events.  Each  datum  point  represents  one  station  -  event  pair.  The  popula¬ 
tions  are  well  separated,  although,  again  the  data  sets  are  too  small  to  make  any  firm  conclu¬ 
sions.  A  similar  discriminant  had  been  applied  to  regional  TERRAscope  data,  with  poorer 
results,  however  the  seismograms  had  not  been  narrow-band  filtered.  It  is  believed  that  this 
step  significantly  enhances  the  separation  of  source  types. 

Path  modeling  of  regional  broadband  records  is  progressing.  Figure  5a  shows  the  data 
and  synthetic,  convolved  with  a  Press-Ewing  30-90  (PE30-90)instrument,  for  the  Soviet  JVE 
explosion  recorded  at  BAY  (see  figure  1).  The  waveform  fit  is  good,  although  the  relative 
timing  of  the  P-wave  and  Rayleigh  wave  can  be  improved.  With  our  "cut  and  paste"  inver¬ 
sion  method,  where  the  inverted  phases  can  be  shifted  in  time  individually,  such  timing 
differences  do  not  affect  the  determination  of  the  source  parameters.  A  Lop  Nor  blast  record¬ 
ed  at  WMQ  and  played-out  with  a  PE30-90  response  is  shown  along  with  its  corresponding 
synthetic  seismograms  in  figure  5b.  The  waveform  fit  is  good,  but  again  the  P-wave  and  Ray¬ 
leigh  wave  are  mis-aligned.  The  relative  amplitudes  of  these  phases  are  in  good  agreement. 
It  should  be  noted  that  for  this  path,  cross-over  distance  is  very  near  to  the  travel  distance, 
that  is  why  the  Pn  and  direct  P  are  combined  into  one  pulse  in  the  data,  whereas  for  the  syn¬ 
thetic  the  two  phases  come  in  separately  (but  close  together).  Fine  tuning  of  the  model 
should  correct  for  this.  Adding  thin,  low  velocity  and  low  Q  layers  at  the  top  of  the  crust 
should  remove  the  ringing  surface  waves  seen  in  the  synthetics. 

We  have  used  these  preliminary  path  modeling  results  to  generate  Green’s  functions  for 
use  in  inverts  regional  waveforms  to  obtain  source  parameters,  in  particular  seismic  mo- 
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ment,  Mq.  Zhao  and  Helmberger  (1994)  found  that  changes  in  the  path  model  do  not 
significantly  change  the  scalar  moment,  so  that  we  have  used  our  initial  moment  estimates  for 
discriminants  using  this  parameter,  i.e.  the  and  ME:MB  ratios.  Figure  6  plots  ML  vs. 

Mq,  circles  are  explosions,  and  triangles  and  crosses  are  earthquakes.  The  earthquake  data  for 
Ml<  4  events  was  taken  from  Bakun  et  al  (1985)  in  a  study  of  Yunnan,  China.  Separation  of 
the  two  source  types  is  good,  in  general,  but  the  Lop  Nor  explosion  plots  close  to  the  earth¬ 
quake  population.  Energy  and  broadband  moments  determined  for  the  Lop  Nor  explosion  and 
nearby  earthquake  were  found  to  discriminate  the  two  events  with  respect  to  the  ME/MB  vs. 
Mq  criterion. 

CONCLUSIONS  AND  RECOMMENDATIONS: 

The  discriminants  discussed  above  all  show  promise  with  the  initial  Asian  data  set.  The 
success  of  the  narrow-band  sp2-P/spz-S  ratio  suggests  that  narrower-band  measurements  for 
any  empirical  discriminants  may  be  in  order.  This  passband  will  be  applied  to  North  Ameri¬ 
can  spz-P/spz-S  data  to  compare  with  that  for  Asia.  We  will  continue  acquiring  regional  Eura¬ 
sian  seismograms  to  fill-out  our  data  set  in  order  to  make  more  comprehensive  conclusions 
concerning  these  discriminants.  From  observations  and  waveform  modeling  experience,  it  ap¬ 
pears  that  the  Eurasian  explosions  have  more  deterministic  waveforms. 
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Figure  1.  Map  showing  the  geographic  locations  of  BAY  (Bayunal)  and  WMQ  stations  and 
epicenteral  locations  of  the  Soviet  JVE  (JVE)  and  Lop  Nor  explosion  (open  circle),  and  an 
earthquake  near  Lop  Nor  (cross). 
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Figure  2.  Figure  showing  the  waveform  variation  recorded  at  various  nuclear  test  sites, 
seismograms  are  aligned  according  to  the  onset  arrival  marked  by  the  first  dotted  line, 
second  dotted  line  shows  arrival  of  pSmS  followed  by  the  Rayleigh  waves.  The  most  varia¬ 
tion  is  observed  in  the  Rayleigh  wave.  Clearly,  NTS  events  show  the  largest  amount  of 
scatter  in  the  Rayleigh  waves  and  coda. 
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Figure  3.  spz-P/lp3  integrated  energy  ratios  vs.  distance  for  (a)  central  Asian  events  and  (b) 
combined  with  North  American  events  studied  previously. 
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Figure  4b.  spz-p/spz-S  energy  ratio  vs  distance  for  the  Lop  Nor  and  Kazakh  explosions  and 
earthquakes  recorded  at  WMQ  stations.  Clearly,  the  explosions  are  well  separated  from  the 
earthquakes. 
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Figure  5a.  Figure  shows  the  vertical  and  radial  seismograms  recorded  at  BAY  station  from 
the  September  14,  1988  Soviet  JVE  explosion  (upper  seismograms).  Also  shown  are  the  syn¬ 
thetic  seismograms  plotted  beneath  each  observed  seismogram  and  were  obtained  using  a 
source  RDP  of  \y„«2.0f  B=1  and  K»16  (Taken  from  Saikia  and  Helmberger,  1994).  We  also 
show  the  agreement  observed  in  the  L3090  seismograms  on  the  right. 
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Figure  5b.  A  preliminary  comparison  between  the  data  recorded  at  WMQ  station  from  the 
Lop  Not  explosion  (upper  seismograms)  and  the  synthetic  seismograms  computed  using  the 
frequency-wavenumber  integration  code  (bottom  seismograms).  The  is  obtained  using 
Murphy’s  relation  for  M,®4.7,  B  is  set  equal  to  unity  and  K  is  derived  iteratively.  While  the 
agreement  between  data  and  synthetic  is  reasonable,  the  model  still  needs  further  modification 
to  produce  a  better  fit  in  the  travel  time  of  various  phases. 
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Figure  6.  ML  vs.  M0  for  Eurasian  events. 
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OBJECTIVE 

We  have  examined  broadband  regional  waveforms  from  32  NTS  underground  shots  and 
131  recent  (1988+)  earthquakes  throughout  the  Southwestern  U.  S.  and  Mexico  in  order  to 
characterize  seismic  sources  and  regional  propagation  effects.  In  general,  explosions  were  found 
to  be  richer  in  coda  energy  than  earthquakes.  We  interpret  such  phases  to  be  energy  trapped  in 
the  upper  crust.  These  coda  phases  are  consistent  between  explosions  at  the  same  test  site  (Pahute 
Mesa,  Yucca  Rat,  or  Rainier  Mesa),  implying  that  this  late  arriving  energy  is  generated  in  the 
source  region.  Most  earthquakes  show  little  relatively  long-period  (T  >  6  seconds)  coda  energy, 
which  we  attribute  to  their  deeper  source  depths.  As  expected,  earthquakes  also  tend  to  be  richer 
in  long-period  and  shear-wave  energy  than  explosions.  Our  objective  based  on  these  results  is  to 
establish  a  set  of  seismic  discriminants  that  can  be  routinely  used  in  other  tectonic  regions.  Since 
we  are  concerned  about  transportability,  we  have  chosen  measures  that  are  related  to  quantities 
that  can  be  modeled  for  the  larger  earthquakes,  Ml  >  5.  This  allows  the  regional  calibrations  to 
be  established  from  earthquakes  and  is  tailor-made  to  recognize  the  first  test  in  a  region.  We  have 
developed  several  seismic  discriminants  based  on  these  considerations. 

RESEARCH  ACCOMPLISHED 


The  most  promising  discriminant  is  the  ratio  of  short-period  ( 1  Hz),  vertical  component, 
Pnl  wavetrain  energy  to  intermediate-period  (0.05  to  0.16  Hz),  three  component,  surface  wave 
energy,  for  which  explosions  tend  to  have  a  higher  value  ratio  than  earthquakes.  This 
discriminant  works  on  the  same  premise  as  the  teleseismic  Ms:mb  ratio,  for  which  earthquakes 
are  richer  in  long-period  surface  wave  energy  relative  to  explosions  with  the  same  body  wave 
magnitude.  This  effect  is  believed  to  be  due  to  the  more  distributed  nature  of  earthquake  sources 
(both  spatially  and  temporally)  relative  to  explosions.  Using  reasonable  assumptions  for  seismic 
sources  and  a  regionalized  earth  model,  theoretical  seismograms  produce  similar  energy  ratio 
results.  These  discriminant  criteria  are  useful  in  that  they  are  simple  and  fast  to  calculate,  and  the 
SNR  of  the  long-period  surface  wave  can  be  very  low,  so  long  as  the  predominant  Airy  phase  is 
visible,  for  this  method  to  work.  Using  regional  stations  for  sources  300  to  1300  km  away,  the 
magnitude  threshold  for  these  discriminants  is  roughly  Ml  >  =  3.5  for  earthquakes  and  Ml  >  = 
4.0  for  explosions. 


Recent  studies  of  regional  seismic  data  (Woods  et  al ,  1993;  Walter  and  Patton,  1993) 
support  teleseismic  observations  that  explosive  sources  tend  to  be  significantly  richer  in  short- 
period  energy  than  earthquakes,  relative  to  their  long-period  energy,  as  manifested  by  the  mb'. Ms 
discriminant  (Basham,  1969);  Liebermann  and  Pomeroy,  1969);  Marshall  et  al,  1971 ;  Stevens  and 
Day,  1985).  Extending  such  a  short-period:long-period  measure  to  regional  distances  would 
lower  the  effective  discrimination  magnitude  threshold,  as  it  makes  it  possible  to  observe  surface 
wavetrains  from  smaller  events  as  attenuation  and  geometrical  spreading  effects  are  less  than  lor 
teleseismic  distances,  thus  making  this  type  of  discriminant  more  useful. 


In  order  to  better  appreciate  the  robustness  of  these  energy  measurements  and  their 
application  to  particularly  small  events,  we  will  show  a  suite  of  regional  waveforms  and  their 
associated  integrated  energy  curves,  for  small  explosions  from  the  three  NTS  subsites  and  for 
earthquakes  near  NTS. 


Figure  1  displays  vertical  component  records  of  NTS  shots  recorded  at  GSC  (first  four 
rows)  and  ISA  (bottom  four  rows).  The  first  column  is  the  broadband  displacement,  followed  by 
convolutions  with  PE  and  WA  instruments,  respectively.  The  test  site  or  name  of  the  event  is  to 
the  left  of  each  row.  At  both  these  stations,  long-period  fundamental-mode  Raleigh  wave  energy 
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is  evident  for  all  four  events,  with  T  >  8  sec.  dispersed  coda  waves  having  the  largest  amplitudes. 
In  making  comparisons  between  events,  it  should  be  noted  that  the  Pahute  shot  is  larger  than  the 
others,  so  that  it  has  a  much  better  SNR.  On  the  BB  and  PE  recordings  there  are  no 
distinguishing  waveform  characteristics  between  the  three  test  sites  or  for  the  1  kt  chemical 
explosion,  ifiis  holds  true  for  all  TERRAscope  records  gathered  to  data.  On  inspection  of  the 
WA  records,  certain  patterns  emerge.  Recordings  of  the  Pahute  shot  have  a  strong,  prominent  P- 
wavetrain  followed  by  relatively  small  Short-period  coda  compared  to  the  other  test-site  shots. 
The  Yucca  shot  sports  a  great  deal  of  what  appears  to  be  scattered  shear-wave  energy  at  both 
stations,  which  equals  or  exceeds  the  peak  P-wave  amplitude.  The  Rainier  shots  seem  to  be  an 
intermediate  case,  for  which  the  shear-wave  energy  may  nearly  rival,  but  not  exceed  the  peak  P- 
wave  amplitudes.  In  all  cases  the  shear-wavetrain  does  not  have  a  sharp  onset,  but  rather  is  a 
dispersive  wavetrain. 

These  recordings  are  at  fairly  near  distances  (200  <  D  <280  km),  so  that  propagation 
effects  are  minimized.  However,  these  characteristics  persist  to  larger  ranges.  Woods  and 
Helmberger  (1994).  These  waveform  characteristics  come  out  in  the  integrated  energy  curves, 
too. 

Figure  2a  displays  the  short-period,  vertical  component,  integrated  energy  curves  vs.  time 
for  explosions  recorded  at  the  four  TERRAscope  stations;  the  time  scale  is  the  same  as  for  the 
seismograms.  All  curves  are  normalized  to  unity,  with  the  actual  integrated  energy  value  given  to 
the  right  in  the  legend.  For  records  with  a  prominent  P-wavetrain  arrival,  the  curves  resemble 
step  functions.  This  is  particularly  true  of  the  Pahute  shot.  For  the  Yucca  shot,  on  the  other  hand, 
the  P-wavetrain  energy  comprises  less  than  half  of  the  short-period  energy.  The  Rainier  nuclear 
explosion  and  chemical  blast  are  intermediate  in  shape  to  the  Pahute  and  Yucca  energy  curves. 
At  the  more  distant  stations  (PAS  and  PFO),  the  Rainier  energy  curves  more  closely  resemble 
those  of  Yucca  than  Pahute,  whereas  at  the  closer  stations,  particularly  ISA,  the  opposite  is  true. 

Figure  2b  is  an  analogous  plot  of  integrated  energy  curves  for  earthquakes  from  the  Little 
Skull  Mountain  sequence.  Here  the  onset  of  the  S-wave  energy  is  pronounced  and  sharp.  For 
explosions,  in  general,  the  S-wave  onset  is  much  more  gradual,  with  the  exception  of  the  Yucca 
event  recorded  at  PFO,  which  looks  very  much  like  the  earthquake  energy  curves.  It  is  not  clear 
whether  these  differences  are  due  to  near-source  or  propagation  effects.  In  the  case  of  Yucca  Rat 
for  which  the  energy  curve  at  each  station  deviates  significantly  from  the  “cleaner”  Pahute  curve, 
it  seems  likely  that  shallow  structure  in  the  source  region  is  at  least  partly  responsible  for  the  large 
amount  of  scattered  energy  in  the  waveforms. 

The  contrast  in  these  curves  can  be  understood  from  their  GSC  seismograms  as  displayed 
in  Figure  3.  The  top  panel  contains  the  explosion  data  and  the  bottom  panel  the  earthquake  data 
(A.S#1).  The  upper  traces  are  the  data  and  the  lower  corresponding  synthetic  traces  are  from  a 
source  estimation  code  where  all  events  are  assumed  to  be  a  double-couple  (see  Zhao  and 
Helmberger  (1994a  and  1994b).  Note  that  the  Pnl-portions  are  separated  and  weighted  in  this 
approach.  Since  the  synthetics  and  earthquake  data  have  strong  P-waves  and  S-waves,  they  have 
similar  energy  curves.  However,  the  observed  explosion  has  many  complexities  which  produces 
extra  energy. 

Figure  4  (upper  panel)  shows  their  results  for  NTS  explosions  and  southwestern  U.  S. 
earthquakes.  Each  datum  point  represents  one  event.  The  chemical  KT  explosion  also  has  been 
added  to  the  data  set.  This  event  and  the  normal  Rainier  shot  (denoted  with  an  “R”)  lie  at  the 
lower  limit  of  the  explosion  population,  but  they  are  still  separated  from  the  earthquake 
population. 

A  more  empirical  approach  is  to  use  the  short-period:long-period  (SP:LP)  ratio.  The 
source  properties  that  we  want  to  quantify  are  the  short-period  (1  Hz)  P-wave  and  long  -period 
(0.14  to  0.05  Hz)  surface  wave  energy  levels,  the  ratio  of  which  is  used  as  the  discrimination 
criterion.  The  short-period  bandpass  is  the  same  used  to  measure  teleseismic  P-wave  amplitudes 
for  the  mb:Ms  discriminant.  The  long-period  bandpass  represents  the  predominant  frequency 
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range  of  the  fundamental -mode  Airy  Phase  at  regional  distances  (Alewine,  1972).  This  short- 
period  vs.  long-period  energy  ratio  (ESP:LP)  is  defined  as: 


with  the  summation  being  for  the  three  components  and  r,  representing  the  windowing  times 
determined  from  travel  path  length  and  the  wave  train  of  interest;  tpn  corresponds  to  the  time 
before  the  onset  of  the  P-wave  and  tSn  the  time  prior  to  the  S-wave  onset  time,  and  tj  and  t2 
bracket  the  time  window  of  the  fundamental  Raleigh  and  Love  waves.  v$p  and  vjp  are  the  short- 
period  and  long-period  ground  bandpass  velocities,  respectively,  vsp  is  obtained  by  convolving 
the  broadband  velocity  record  convolved  with  a  Wood- Anderson  (WA)  short-period  instrument 
and  v[p  is  the  broadband  velocity  record  convolved  with  a  Press-Ewing  long-period  instrument 
(PE).  The  velocities  are  squared  in  order  to  obtain  units  of  energy;  the  factor  of  m/2  in  the 
numerator  and  denominator,  where  m  is  the  unit  mass  of  the  particle  of  motion,  cancel  out. 

Figure  4  (lower  panel)  plots  the  log  SP:LP  integrated  energy  ratio  vs.  distance  for  all 
data;  each  data  point  represents  one  event-station  pair.  Crosses  represent  earthquakes,  circles 
signify  nuclear  explosions,  and  stars  are  data  points  for  the  chemical  kt  test.  The  explosions  tend 
to  have  higher  SP:LP  integrated  energy  ratios  than  do  the  earthquakes  at  all  distance  ranges. 
Although  there  isn’t  complete  separation  of  the  two  populations,  the  portion  of  the  earthquake 
population  which  overlaps  with  the  explosion  population  is  small  (approximately  10  percent). 

It  appears  that  separation  is  greatest  at  longer  distances  (D  >  900  km)  and  least  at 
distances  less  than  400  km.  This  effect  may  have  to  do  to  the  population  sample,  however.  Data 
points  at  larger  distances  are  usually  from  larger  events  (Ml  >  5.0),  for  which  the  difference  in 
relative  short-period  to  long-period  energy  levels  between  earthquakes  and  explosions  is  already 
firmly  established. 

RECOMMENDATION 

Because  the  parameters  used  in  these  discrimination  methods  can  be  obtained  from  a 
sparse  broadband  network,  these  discriminants  can  be  applied  throughout  the  world  as  more 
broadband  stations  similar  to  those  of  the  IRIS  network  come  on  line.  For  an  active  tectonic 
region,  the  threshold  for  this  discriminant  is  Ml  =  3.1  for  earthquakes  and  Ml  =  3.6  for 
explosions  for  epicentral  distances  up  to  600  km. 
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GSC:  Explosion*  OSC:  skull  Mto  Sequence 


GSC:  Explosion*  GSC:  SkuU  Mm  Sequence 


Figure  2.  Comparison  of  short-period  e^^Acurves  of  explosions  and  earthquakes 
(Skull  MTN)  at  the  various  stations. 
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Figure  3.  Comparison  of  an  NTS  explosion  (A  =  312  km.  Mi  =  4.1)  with  a  Skull  MTN 
aftershock  (A.  S.  #1)  of  comparable  magnitude.  The  bottom  set  of  traces  are  synthetics 
found  by  the  best  fitting  double-couple  solutions.  Note  that  the  seismograms  of  the 
explosion  contains  more  scattered  energy  than  does  the  earthquake  records.  Explosions 
from  Pahute,  also,  discriminate  because  of  the  extremely  strong  short-period  P-waves,  see 
figure  4  (upper  panel). 
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Figure  4.  Upper  panel  displays  a  discriminant  based  on  energy  moment  vs.  moment 
where  all  events  are  assumed  to  be  earthquakes,  see  Zhao  and  Helmberger  (1994b).  The 
lower  panel  displays  a  short  period-long  period  energy  discriminant.  Woods  and 
Helmberger  (1994). 
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Modeling  Elastic  Wave  Propagation  in  3D  Heterogeneous  Media 
By  Elastic  Complex-Screen  (ECS)  Method 
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Objective 


This  research  is  directed  at  deve'^nment  and  application  of  a  new  three-dimensional  wave  prop¬ 
agation  methodology  in  the  cont  •  i  r oroving  our  understanding  of  regional  phase  propagation 
in  three-dimensional  complex  stia-  ure  ith  random  heterogeneities.  A  new  methodology,  involv¬ 
ing  an  Elastic  Raleigh  Integral-Elasti  Corn  Scattering  iterative  formalism  has  been  adopted  and 
a  new  theory/method  on  elastic  wave  wide-angle  one-way  propagation  has  been  successfully  de¬ 
veloped  during  the  first  year's  eflfort.  The  elastic  complex-screen  (ECS)  method  uses  dual  domain 
implementation  (shuttling  between  the  space  ard  wavenumber  domains  by  FFT)  and  is  much  faster 
than  the  full  wave  finite  difference  program.  For  a  medium  size  3D  problem,  the  time  saving  is 
more  than  2-3  orders  of  magnitude.  Because  it  needs  to  store  the  medium  parameters  for  only 
one  grid- plane  for  each  step,  the  tremendous  computer  memory  sa'  ii  g  makes  it  capable  of  han¬ 
dling  large  3D  problems  prohibitive  to  other  methods.  We  further  enhance  the  capability  of  the 
method  and  algorithm  by  introducing  anelasticity,  oblique  incidence,  point  source  excitation  with 
different  moment  tensors,  and  the  capacity  of  dealing  with  wave  propagation  problems  in  3D  ran¬ 
dom  media.  Our  effort  will  be  aimed  to  the  problem  of  accurately  synthesizing  regional  phases  for 
three-dimensional  earth  models  appropriate  for  the  wide  variety  of  Eurasian  paths  of  interest.  A 
large  data  set  of  Eurasian  recordings  for  nuclear  tests,  moderate  size  earthquakes,  and  large  quarry 
explosions  is  being  analyzed  under  a  parallel  AFOSR-funded  effort.  The  combined  theoretical  and 
observational  effort  should  enhance  our  ability  to  extract  quantitative  information  from  regional 
phases,  and  to  place  regional  discrimination  and  yield-estimation  applications  on  a  sound  physical 
basis. 


Research  Accomplished: 

I.  Seismic  wave  propagation  and  diffraction  by  large-scale  complex  visco-elastic 
structure. 

After  the  success  in  developing  the  theory  of  elastic  complex-screen  for  wide-angle  one-way 
elastic  wave  propagation  (Wu,  1994)  and  the  corresponding  method  and  algorithm  (Wu  and  Xie, 
1993;  Lay  and  Wu,  1993)  in  the  first  year’s  effort,  we  further  improved  the  method  and  enhanced 
its  range  of  application  by  introducing  anelasticity  (absorption),  oblique  plane  wave  incidence,  and 
point  source  excitation  into  the  method  and  programs  (Wu  and  Xie,  1994). 

We  test  and  apply  our  ECS  program  to  the  teleseismic  response  of  a  complex  large-scale  struc¬ 
ture  as  shown  in  Fig.  1.  The  model  is  represented  by  three  low-velocity,  low-Q  zones  (LVLQZ) 
buried  in  a  homogeneous  background  velocity  field.  In  order  to  simplify  the  model  input  procedure, 
we  use  axis-symmetric  (with  respect  to  Z-axis)  LVLQZ  structures.  The  first  two  LVLQZs  are  two 
discs  with  radius  of  17  km  and  8  km,  and  same  thickness  of  2  km.  They  are  located  near  the  sur¬ 
face  and  served  to  simulate  the  low  velocity  sedimentary  structure.  The  third  LVLQZ  is  a  tri-axial 
ellipsoid  located  at  the  10  km  depth  with  its  half-horizontal  axis  of  7  km  and  half-vertical  axis 
of  4  km.  This  is  used  to  simulate  the  magma  chamber,  fracture  zone  or  other  low-Q  low-velocity 
inclusion.  The  model  parameters  for  homogeneous  background  are  Vv  =  S.Skm/s,  V,  =  3.3 km/s, 
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p  =  : '2Ag/cm 3,  Qp  =  Qp  -  oo  .  The  velocities  and  shear  modulus  perturbations  for  three  LVLQZs 
are  6VP/VP  =  -0.25,  f)Vs/Vs  =  -0.25,  6p/p  =  -0.25  and  QP  =  Qs  -  30.  The  dimensions  of  the 
model  are  128  km  X  04  km  x  20  km,  with  a  grid  size  of  1  km  x  1  km  x  0.5  km.  Three  incident 
angles,  0,  10  and  20  degree,  are  used  to  simulate  teleseismic  incidence. 

In  Fig.  I,  the  geometry  of  the  structure  is  shown  in  the  upper  part;  Snap  shots  of  the  wave 
field  are  shown  in  the  lower  part.  The  LVLQZ’s  are  also  outlined  in  the  snap  shots  for  reference. 
A  plane  P-wave  is  incident  upon  the  bottom  of  the  model  obliquely  with  10°  to  the  z-axis.  The 
interactions  between  the  wave  front  and  the  LVLQZs,  focusing/defocusing,  P-S  conversion,  time 
delay  and  attenuation  etc.,  are  clearly  seen  in  the  figure.  Also  seen  is  how  the  interface  waves 
(creeping  waves)  are  formed  and  propagate  as  well  as  how  diffracted  waves  are  interfering  with 
transmitted  waves.  The  simulation  demonstrated  the  important  influence  of  a  low-V,  low-Q  body 
under  a  sedimentary  structure  to  the  observed  wave  field  distribution  on  the  surface. 

II.  The  influence  of  small-scale  random  heterogeneities  to  seismic  wave  propagation 

Small-scale  random  heterogeneities  can  produce  long  codas,  reduce  the  spatial  and  frequency 

coherencies  of  the  major  arrivals  and  cause  complicated  apparent  attenuation  and  dispersion.  It  can 
scatter  the  guided  waves  out  of  the  crustal  waveguide  and  influence  the  apparent  attenuation  and 
wave  field  characteristics  of  regional  waves.  Therefore  it  is  important  to  study  the  influence  of  such 
random  heterogeneities  by  forward  modeling.  Using  our  ECS  program,  we  can  study  numerically 
the  forward  scattering  by  random  heterogeneities.  We  have  combined  a  3D  random  medium  model 
builder  into  our  main  code.  In  the  model  builder,  the  power  spectrum  of  the  random  medium  is 
specified  in  the  3D  spectral  domain.  The  random  medium  in  space-domain  is  obtained  by  3D  FFT 
of  the  random  spectrum. 

Fig.  2a.  shows  a  three-dimensional  velocity  model  of  a  random  elastic  slab.  The  3D  random 
slab  of  thickness  8  km  is  buried  in  a  constant  velocity  background.  The  P-  and  S-wave  velocity 
random  perturbations  have  a  relative  rms  value  of  10%  and  an  exponential  correlation  function 
with  horizontal  and  vertical  correlation  lengths  of  5  km  and  3  km,  respectively.  In  Fig.  2b.  are 
the  snap  shots  of  the  wave  field.  The  random  slab  is  indicated  by  light  lines.  A  plane  P-wave  is 
vertically  incident  on  the  bottom  of  the  model.  When  passing  through  the  random  slab,  the  plane 
wave  front  is  progressively  distorted.  The  focusing/defocusing  effects  and  the  formation  of  coda 
can  be  seen  clearly.  The  loss  of  coherency  can  be  seen  from  synthetic  seismograms.  Because  of  the 
interference  between  scattered  waves  some  features  in  the  synthetic  seismograms  or  snap  shots  bear 
strong  similarities  to  that  of  large  scale  structure  and  might  be  mistakenly  interpreted  as  signatures 
from  large-scale  structures.  Quantitative  analysis  of  the  influence  of  random  heterogeneities  when 
large  structures  are  present  is  underway. 

III.  Excitation  by  Point  Sources  With  Different  Moment  Tensors: 

In  order  to  use  the  ECS  algorithm  for  more  practical  applications  to  local  and  regional  seismo¬ 
gram  synthetics,  the  excitation  by  point  sources  with  different  moment  tensors  should  be  incorpo¬ 
rated  into  the  program.  Since  the  wave  field  from  a  point  source  has  strong  large-angle  components, 
the  influence  of  the  periodical  boundary  effects  inherent  to  the  FFT  methods  appears  to  be  severe. 
We  tested  both  boundary  tapering  and  wavenumber  filtering  methods  to  reduce  the  boundary  in¬ 
fluence.  It  is  found  that  proper  combination  of  the  two  methods  gives  the  best  results.  This  hybrid 
method  of  eliminating  boundary  effects  is  used  in  all  the  following  examples. 

Fig.  3  shows  examples  of  synthetic  seismograms  of  point  sources  in  constant  elastic  media. 
The  types  of  point  source  are  A)  explosion  source,  B)  single  force,  C)  double-couple  forces  along 
x-  and  z-axes.  They  agree  with  the  theoretical  predictions.  Fig.  4  presents  the  snap  shots  (Fig. 
4a)  and  synthetic  seismograms  (Fig.  4b)  of  a  point  explosion  source  propagating  its  wave  through 
a  inhomogeneous  background  composed  by  a  low  velocity  sphere  immersed  in  a  constant  medium. 
The  size  of  the  model  space  is  3.2  x  3.2  x  2.1  km3.  Only  results  within  a  2.0  x  2.0  x  2.1  km3 
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volume  are  shown  here.  The  elastic  parameters  for  the  background  medium  are  Vp  —  3.‘2km/s, 
Vs  =  1.85 km/s  and  p  =  2.20 g/cm3.  The  solid  sphere  has  a  P-wave  velocity  15%  lower  than  the 
background  velocity.  The  radius  of  the  sphere  is  0.3  km.  We  use  a  128  x  128  grid  phase  screen 
with  a  grid  interval  0.025  km.  The  interval  between  screens  is  0.1  km.  A  total  of  65  frequencies 
are  calculated  with  the  Nyquist  frequency  of  50  Hz.  The  calculated  time  length  is  1.28  seconds. 
This  three-dimensional  elastic  wave  example  is  calculated  on  a  SUN  SPARC- 10  workstation  with 
2.5  hours  of  CPU  time. 

Conclusions  and  Recommendations: 


Our  wide-angle  one-way  elastic  wave  propagation  algorithm  ECS  (elastic  complex- screen )  has 
been  enhanced  and  improved  by  introducing  anelasticity,  oblique  incidence,  point  source  excitation 
with  different  moment  tensors,  and  by  incorporating  the  capability  of  wave  propagation  in  3D 
random  media.  The  influence  of  the  periodic  boundary  effects  is  substantially  reduced  by  a  hybrid 
method  of  boundary  tapering  and  wavenumber  filtering.  The  elastic  complex-screen  (ECS)  method 
developed  during  this  project  uses  dual  domain  implementation  (shuttling  between  the  space  and 
wavenumber  domains  by  FFT)  and  is  much  faster  than  the  full  wave  finite  difference  program. 
The  tremendous  saving  in  CPU  time  and  computer  memory  makes  it  capable  of  handling  large  3D 
problem  prohibitive  to  other  methods.  Under  continuing  AFOSR  support  we  will  further  improve 
the  3D  elastic  wave  algorithm  and  expand  its  capability  of  simulating  elastic  wave  propagation  im 
more  realistic  geophysical  situations.  At  the  same  time  the  2D  SH  program  (Liu  and  Wu)  will 
be  further  developed  and  adapted  for  regional  wave  propagation  and  applied  to  the  simulation  of 
Lg  and  Lg-coda  generation  in  complex  crustal  structures.  The  results  will  be  compared  with  the 
Eurasia  data  sets  of  nuclear  explosions.  We  plan  to  solve  the  free  surface  and  Moho  boundary 
problems  for  the  full  elastic  wave  complex  screen  method  in  the  continuation  of  the  current  project. 
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Fig.  la.  The  model,  composed  by  two  low-velocity  low-Q  zones  immersed  in  a  constant  elastic  medi 


incident  angle  10  degrees 


•  r 


vV* 


Fig.  lb.  Snap  shots  of  the  wave  field.  The  structures  are  indicated  by  light  lines.  A  plane  P-wave  is  in¬ 
cident  with  10"  to  z-axis  upon  the  bottom  of  the  model.  The  interactions  between  the  wave  front 
and  the  LVLQZs,  focusing/defocusing,  P-S  conversion,  time  delay  and  attenuation  are  clearly 
shown  in  the  figure.  339 
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3-D  velocity  model 

Fig.  2a.  Three -dimension*]  velocity  model  with  a  3D  random 
slab.  In  the  figure,  three  horizontal  cross-sections  of  the  ran¬ 
dom  slab  are  shown. 
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Fig.  2b.  Snap  shots  on  the  vertical  cross-section  showing  wave 
front  distortion  and  coda  genradon  when  passing  through  the 
random  slab.  The  random  slab  is  indicated  by  by  the  two 
parallel  lines. 
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Figure  3.  Synthetic  seismograms  for  point  sources  with  different  moment  tensors:  A.  explosion  source; 
B.  single  force  in  z-direction;  C.  double-couple  along  x-  and  z-axes. 
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Forward  modeling 
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Fig.  4b.  Synthetic  seismograms  at  distance  z=l 
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Objective 


There  are  three  objectives  of  this  research.  First,  we  want  to  determine 
Lg  source  spectral  parameters,  including  seismic  moments  (M0)  and  corner 
frequencies  (fc)  for  explosive  and  earthquake  sources  in  Central  Asia  and 
China,  and  to  find  scaling  relationships  between  M0  and  fc  values  for  both 
types  of  sources.  Second,  we  want  to  determine  path-variable  Q  at  1  hz  and 
its  frequency  dependence  from  the  direct  Lg  phase,  rather  than  from  Lg 
coda,  and  compare  QLg  values  with  the  tomographic  Q  map  derived  from 
Lg  coda  (Xie  &  MitcheU,  1991;  Pan  et  ai,  1992).  The  third  objective  of  this 
research  is  to  develop  a  depth  discriminant  based  on  the  synthetic  Lg  spec¬ 
tra  computed  for  events  with  varying  depths.  In  previous  studies  using 
higher-mode  surface  waves  to  determine  crustal  Q,  we  noticed  that  the 
spectra  of  higher-mode  surface  waves  were  strongly  influenced  by  the  depth 
of  the  events  which  were  used  in  the  studies  (Cheng  and  MitcheU,  1981; 
Kijko  and  MitcheU,  1983)  and  it  appeared  that  these  spectra  might  prove  to 
be  useful  for  determining  the  depths  of  shaUow  events  at  regional  distances. 


Research  Accomplished 


To  study  source  spectral  parameters  and  path-variable  Q  using  real 
data,  we  have  appUed  the  non-linear  spectral  inverse  method  of  Xie  (1993) 
to  broad-band  Lg  spectra  from  many  Balapan  and  Lop  Nor  explosions  in 
Central  Asia  and  China.  Several  interesting  findings  have  been  made: 

(1)  Performance  of  the  inverse  method:  The  method  of  Xie  (1993)  for  the  simul¬ 
taneous  inversion  of  M0,  fc  and  path-variable  QLg  values  appears  to 
work  weU  when  high  quality  Lg  waveforms  from  three  or  more  sta¬ 
tions,  with  relatively  short  (<2,000  km)  distances,  are  avaUable.  It 
appears  that  when  the  condition  in  (1)  is  not  met,  a  priori  knowledge  on 
QLg  is  required  to  constrain  the  inversion  of  M0  and  fc  values.  The 
need  of  a  priori  knowledge,  however,  is  fundamental  and  is  due  to  the 
insufficient  information  contained  in  data,  as  weU  as  the  stochastic 
nature  of  the  co-square  source  model. 

(2)  Agreement  between  Lg  Q  and  Lg  coda  Q:  The  path-variable  Lg  Q  at  1  hz 
obtained  in  this  study  agrees  weU  with  the  tomographic  Lg  coda  Q  map 
obtained  earlier  (Figures  1  and  2). 
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(3) 


(4) 


Stability  of  Lg  propagation  in  central  Asia  as  compared  to  regional  P:  An 
interesting  discovery  was  made  on  the  relative  stability  of  Lg,  as  com¬ 
pared  to  regional  P  waves,  for  paths  between  the  Lop  Nor  Test  Site  and 
the  Kyrghizstan  Seismic  Network  (KNET).  Figure  3  presents  broad 
band  seismograms  from  the  Lop  Nor  explosion  of  October  19,  1993,  col¬ 
lected  from  six  KNET  stations.  Despite  the  small  aperture  of  the  KNET 
and  the  stability  of  the  amplitudes  of  Lg  (Figure  4),  the  Pn  wave  ampli¬ 
tudes  vary  by  an  order  of  magnitude  across  the  array.  Correction  of 
path  effects  for  the  Pn  phase  in  this  case  would  be  considerably  more 
difficult  than  for  the  Lg  phase. 

Scaling  between  M0  and  fc  values  for  explosions:  Figure  5  shows  the  M0 
versus  fc  values  for  some  Balapan  and  Lop  Nor  explosions,  obtained  by 
inverting  the  Lg  spectra  using  an  earthquake  source  model  {cf.,  Xie  1993). 
Figure  6  shows  the  M0  versus  fc  values  for  the  same  Balapan  and  Lop 
Nor  explosions,  obtained  by  inverting  the  Lg  spectra  using  an  explosion 
source  model  with  an  overshoot,  3,  of  0.75  (Sereno  et  al,  1989;  Xie,  1993). 
In  both  Figures  5  and  6,  fc  values  increase  more  slowly  with  decreasing 
M0  values  than  predicted  by  the  M0  ~  f~3  law.  These  slow  rates  of  fc 
increments,  if  combined  with  scalings  between  fc  versus  M0  for  earth¬ 
quake  sources  yet  to  be  obtained,  may  form  a  basis  for  discrimination  of 
explosions. 


In  the  synthetic  study  for  Lg  as  a  depth  discriminant  for  regional 
events,  theoretical  amplitude  spectra  were  computed  for  a  central  United 
States  velocity  model  (Mitchell  and  Herrman,  1979)  combined  with  either  a 
low-Q  or  a  high-Q  crustal  model  of  anelasticity.  Figure  7  presents  a  theoreti¬ 
cal  spectrum  generated  by  a  strike-slip  fault  at  a  depth  of  0.3  km  for  ground 
motion  recorded  at  a  distance  of  300  km  from  the  source  and  Figure  8  shows 
a  spectrum  at  the  same  distance  for  the  same  type  of  event,  but  at  a  depth 
of  5.0  km.  Both  computations  were  done  for  a  low-Q  model  in  which  the 
average  shear-wave  Q  in  the  upper  crust  to  depths  of  15  km  is  about  80  and 
the  lower  crust  is  about  1000.  Spectral  levels  are  the  same  for  the  events  at 
frequencies  above  about  1  Hz.  At  lower  frequencies  (0.2-0. 8  Hz),  however, 
spectral  levels  of  the  shallower  event  are  lower  than  those  for  the  deeper 
event  by  a  factor  of  between  two  and  three.  This  indicates  that  we  should 
be  able  to  align  observed  spectra  and  theoretical  spectra  at  frequencies 
greater  than  2  or  3  Hz  and  compare  spectral  levels  at  frequencies  between 
0.2  and  0.8  Hz  to  estimate  source  depth. 


Similar  results  were  found  for  a  high-Q  model  in  which  shear-wave  Q 
in  the  upper  15  km  of  the  crust  is  500  rather  than  80.  Additional  studies 
showed  that  we  can  expect  to  obtain  robust  depth  estimates  from  Lg  spectra 
even  when  significant  seismic  noise  is  present. 


Conclusions  and  Recommendations 


In  central  Asia  and  China,  when  Lg  is  recorded  by  multiple  stations, 
the  source  spectral  parameters  and  path  Q  can  be  obtained  on  single  event 
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and  real  time  basis.  Lg  spectra  appear  to  be  stable  measurements  of  source 
properties,  although  the  transfer  function  between  S  wave  and  Lg  is  not 
necessarily  flat.  Toward  the  understanding  of  Lg  excitation  and  the  discrim¬ 
ination  of  explosions  using  Lg,  analyses  of  more  Lg  spectra  from  explosions, 
as  well  as  that  from  earthquakes  in  the  same  area,  are  necessary. 

In  central  Asia,  path  effects  on  regional  P  wave  amplitudes  can  be 
unstable,  and  should  be  more  difficult  to  correct  than  in  the  Lg  study. 
Understanding  those  effects  remains  a  major  challenge  in  utilizing  regional 
waves  in  seismic  studies. 

In  areas  where  Q  and  velocity  structure  are  poorly  known  (such  as  in 
Mideast),  the  inverse  method  of  Xie  (1993)  can  be  applied  on  single  event 
basis  to  study  Q  and  source  spectra  using  Lg  when  multiple  station  records 
are  available.  Extension  of  the  method  into  other  phases,  such  as  Pn,  is 
possible  and  is  recommeded. 

Our  synthetic  study  on  Lg  spectral  amplitudes  as  a  depth  discriminant, 
to  date,  has  been  very  promising.  It  indicates  that  those  spectra  should 
easily  be  able  to  distinguish  between  possible  explosive  events  which  occur 
a  depth  of  0.3  km  or  less  and  earthquakes  which  occur  a  depth  of  5  km.  In 
addition,  computations  of  spectra  for  synthetic  seismograms  which  include  a 
realistic  level  of  noise,  suggest  we  should  be  able  to  accurately  determine 
depths  of  seismic  events  from  those  spectra. 
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Fig.  1.  Great  circle  paths  from  the  Balapan  and  Lop  Nor  nuclear  explosions  to  the  IRIS/CDSN  sta¬ 
tions  used  in  this  study.  Numbers  near  the  paths  are  the  Q0  values  obtained  for  the  path,  with  the 
estimated  uncertainties. 
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Fig.  2.  Tomographic  map  of  laterally  varying  Lg  coda  Q0  in  the  area  under  study,  adapted  from  Xie 
and  Mitchell  (1991).  The  paths  used  in  this  study  are  superposed  for  comparison. 
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Fig.  3.  Broad-band  seismograms  from  six  Kyrghiztan  Network  (KNET)  stations  recording  the 
October  19,1993  Lop  Nor  explosion.  The  gains  are  normalized  for  all  traces.  Note  the  similarity  in 
event  azimuths  and  epicentral  distances  marked  on  top  of  the  seismograms,  and  the  drastic  varia¬ 
tion  in  P  amplitudes  across  the  KNET. 
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Fig.  4.  Synthetic  Lg  spectra  for  all  of  the  six  KNET  stations  recording  the  October  19,1993  Lop  Nor 
explosion,  versus  the  observed.  The  spectra  are  normalized  to  source  (c/.,  Xie,  1993,  Fig.  4).  The 
synthetic  spectra  are  calculated  using  optimal  source  spectral  parameters  (M0  =  7.9  x  lO^dyne-cm, 
fc=0.68  hz)  obtained  in  the  inversion  of  the  spectra  at  KNET  stations,  as  well  at  IRIS  station  ARU. 
The  Q0  and  n  values  for  all  stations  are  marked  on  the  top  of  the  panels  and  are  close  to  one 
another,  indicating  similar  Lg  spectral  amplitudes  at  all  of  the  stations. 
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Fig.  S.  M0  versus  fc  values  for  some  Balapan  and 
Lop  Nor  explosions,  obtained  by  inverting  the 
Lg  spectra  using  an  earthquake  source  model  (ie., 
no  overshooting). 
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Fig.  6.  M0  versus  fc  values  for  some  Balapan  and 
Lop  Nor  explosions,  obtained  by  inverting  the 
Lg  spectra  using  a;  explosion  source  model 
(overshooting  P  =  0  "5) 
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Polarization  Characteristics  of  Seismic  Waves  From 
the  May  21, 1992  Lop  Nor  Nuclear  Explosion  Using  1R1S/GSN  Broadband  Data 
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Santa  Cruz) 

GRANT  NO:  94-0315 

OBJECTIVE:  To  use  broadband  seismic  data  recorded  by  IRIS/GSN  stations  to  study  the 
characteristics  of  seismic  waves  and  the  source  of  the  May  21,  1992  Lop  Nor,  China, 
underground  nuclear  explosion.  The  emphasis  will  be  on  identification  and  analysis  of 
individual  surface  wave  phases  of  periods  between  10  and  80  s,  with  the  long  term  ob¬ 
jective  being  to  understand  the  excitation  and  propagation  of  surface  waves  from  explo¬ 
sion  and  earthquake  sources  in  Southern  Asia.  Several  techniques  for  analysis  of  wave 
excitation  and  propagation  will  be  used.  These  techniques  include  first,  the  newly 
developed  method  of  polarization  analysis  for  the  determination  of  azimuthal  anomalies 
of  surface  waves  propagating  along  various  geological  provinces;  second,  the  empirical 
Green’s  function  method  to  determine  any  non- isotropic  seismic  radiation  in  the  period 
range  of  10  to  20  s  from  the  May  21,  1992  (mb=6.5)  explosion  using  surface  waves 
recorded  for  smaller  Lop  Nor  nuclear  explosions  (August  16,  1990,  1x15=6.2;  October  5, 
1993  1115=5.9)  as  empirical  Green’s  functions;  and  third,  the  centroid  moment  tensor 
method  for  source  inversions  to  investigate  seismic  wave  excitations  by  the  nuclear  ex¬ 
plosion  source  at  Lop  Nor  for  seismic  waves  with  periods  of  30  s  and  longer  using  re¬ 
cently  developed  high  resolution  Earth  models. 

RESEARCH  ACCOMPLISHED:  We  have  obtained  broadband  data  recorded  at 
IRIS/GSN  stations  for  three  recent  Lop  Nor  nuclear  explosions,  including  the  tests  of 
the  May  21,  1992,  Augest  16,  1990,  and  October  5,  1993.  The  data  for  the  May  21, 
1992  explosion  are  deconvolved  for  instrument  response,  filtered  at  various  frequency 
passbands,  and  compared  with  theoretical  travel  times  for  various  body  and  surface 
waves  for  phase  identification.  We  have  obtained  instantaneous  envelopes  and  polari¬ 
zation  state  vectors  for  seismograms  at  several  stations  within  distances  less  than  42° 
from  the  test  site,  which  include  CHTO,  TATO,  MAJO,  and  KEV. 

CONCLUSIONS  AND  RECOMMENDATIONS:  The  May  21,  1992  Lop  Nor,  China,  un¬ 
derground  nuclear  explosion  was  well  recorded  by  broadband  instruments  from 
IRIS/GSN  stations.  There  are  about  25  IRIS/GSN  stations,  which  are  located  in  re¬ 
gional  and  teleseismic  distances  from  Lop  Nor.  The  data  from  these  stations  provide 
complete,  three  component  recordings  of  P,  S,  and  surface  wave  phases  for  each  event. 
There  are  four  stations,  CHTO,  TATO,  MAJO,  and  KEV,  within  distances  less  than 
42°  from  the  test  site,  with  the  broadband  recordings  showing  clear  arrivals  of  various 
body  and  surface  wave  phases.  The  ray  paths  for  these  stations  traverse  high  mountain 
systems  in  Central  Asia,  where  the  crust  and  mantle  structure  are  very  complex.  The 
instantaneous  envelopes  and  polarization  state  vectors  for  seismograms  recorded  at 
these  stations  show  strong  dependence  in  shape  and  arrival  times  of  various  surface 
wave  phases,  indicating  large  effects  of  the  Earth’s  lateral  heterogeneity  beneath  ray 
paths. 

We  will  extend  the  data  set  by  including  recordings  available  from  other  global 
and  regional  seismic  networks,  including  worldwide  IRIS/IDA  and  GEOSCOPE  and 
regional  POSEIDON  in  Japan.  In  particular,  we  will  collect  and  analyze  data  from 
several  broadband  stations  of  IRIS/IDA  at  close  distances  from  the  test  site,  which 
include  AAK  (Ala  Archa,  A=ll°),  GAR  (Garm,  A=14°),  NVS  (Novosibirsk,  A=14°), 
TLY  (Talaya,  A=14°),  ARU  (Arti,  A=24°),  KIV  (Kislovodsk,  A=34°),  and  OBN 
(Obninsk,  A=36°).  We  will  compare  data  recorded  at  the  same  station  for  different 


explosions  at  the  Lop  Nor  test  site  to  identify  signals  pertinent  to  the  source  and  propa¬ 
gation  path  for  each  station.  The  polarization  characteristics  of  these  signals  will  be 
analyzed. 

INTRODUCTION 

The  May  21,  1992  Lop  Nor,  China,  nuclear  explosion  is  the  largest  underground 
nuclear  test  in  China,  which  has  a  mb  magnitude  of  6.5.  This  explosion  is  in  the  proxim¬ 
ity  of  several  recent  nuclear  tests  at  Lop  Nor,  which  include  the  explosions  of  Augest  16, 
1990  (mb=6,2)  and  October  5,  1993  (mb=5.9).  These  explosions  were  well  recorded  by 
broadband  instruments  from  the  IRIS/GSN  and  several  other  global  and  regional  seismic 
networks. 

Recent  investigations  of  the  explosion  spectrum  using  body  waves  and  surface  waves 
with  periods  of  a  few  seconds  and  longer  indicate  that  although  surface-wave  data  offer 
extensive  evidence  for  the  effects  of  non-isotropic  sources,  they  do  not  place  an  important 
bound  on  the  source  mechanisms  responsible  for  their  excitation  [Wallace,  1991;  Patton, 
1991].  With  the  exception  of  the  non-uniqueness  in  the  determination  of  a  combined 
explosion  and  tectonic  release  source  model  when  the  source  depth  is  not  known  [Aki 
and  Tsai,  1972],  the  ambiguity  in  interpretations  of  surface  wave  data  with  a  definitive 
source  model  is  perhaps  largely  due  to  the  poorly  known  effects  of  Earth’s  lateral  hetero¬ 
geneities  on  surface  wave  propagation  in  teieseismic  and  regional  distances. 

The  complexities  of  the  crust  and  upper  mantle  structure  in  various  distances  from 
Lop  Nor  are  perhaps  among  the  most  prevalent  ones  in  the  Earth.  The  Lop  Nor  test  site 
is  located  between  Bosten  Hu  and  the  Lop  Nor  lake,  which  lie  in  the  northern  part  of  the 
Tarim  Basin,  the  largest  inland  basin  in  China.  The  Tarim  Basin  is  located  in  the  inner¬ 
most  part  of  Eurasia,  the  world’s  largest  continent,  within  the  vast  territory  that  encom¬ 
passes  the  high  mountain  systems  of  Central  Asia.  The  regions  to  the  north  and  west  of 
the  Tarim  Basin  include  the  mountain  massifs  of  Tien  Shan,  Pamir,  and  Hindu  Kush. 
The  region  to  the  south  includes  Karakoram,  Kunlun,  and  Tibetan  Plateau.  These  regions 
are  the  most  spectacular  consequences  of  the  collision  of  the  Indian  subcontinents  with 
the  rest  of  Eurasia  in  Cenozoic  time. 

Various  geophysical  and  geological  data  indicate  that  there  are  large  lateral  hetero¬ 
geneities  in  the  crust  and  upper  mantle  beneath  the  high  mountain  systems  in  Central 
Asia.  Large  variations  in  crustal  thickness  and  surface  wave  dispersion  characteristics  are 
observed  for  regions  under  Tien  Shan  and  Pariir.  Wu  and  Levshin  [1992]  used  data 
recorded  by  Chinese  Digital  Seismic  Network  (CDSN)  stations  in  the  determination  of 
surface  wave  group  velocities  in  China.  The  group  velocity  gradients  on  the  eastern  and 
northern  sides  of  the  Tibetan  plateau  are  quite  high,  reflecting  the  sudden  change  in  cru¬ 
stal  thickness  in  these  regions  [Wu  and  Levshin,  1992].  For  these  reasons,  surface  waves 
propagating  in  regions  near  the  high  mountain  systems  in  Central  Asia,  in  particular  the 
margin  of  the  Tibetan  plateau,  are  expected  to  show  strong  variations  of  amplitude,  phase, 
and  polarization  anomalies. 

Recent  advances  in  understanding  the  effects  of  the  laterally  heterogeneous  and 
anisotropic  structure  of  the  Earth  on  seismic  wave  propagation  have  resulted  in  renewed 
attention  to  the  polarization  pattern  of  seismic  waves.  In  the  laterally  homogeneous  struc¬ 
ture  the  particle  motion  of  principal  wave  types  (i.e.,  P,  S,  Rayleigh,  and  Love  waves)  are 
linearly  or  elliptically  polarized,  represented  by  a  pure  state  process  defined  by  Samson 
[1983].  The  effects  of  heterogeneous  structure  involve  interferences  of  direct,  refracted, 
reflected,  and  scattered  body  and  surface  waves,  which  are  characterized  by  unstable 
polarization  patterns  in  both  the  time  and  frequency  domains. 

The  nature  of  seismic  recordings  is  usually  much  more  complex  than  a  pure  state 
process,  as  an  event  is  followed  by  subsequent  phases,  resulting  in  the  shape  and  orienta¬ 
tion  of  the  polarization  ellipse  varying  with  time;  and  only  for  a  short  time  interval  the 
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Fig.  1.  The  instantaneous  envelopes  (units  in  microns)  of  the  ground  displacement  seismo¬ 
grams  bandpass  filtered  between  3  and  100  mHz  from  the  May  21,  1992  Lop  Nor,  China, 
nuclear  explosion  for  stations  CHTO  (distance  A=24°,  azimuth  <t»=156°)  and  KEV  (A=42°, 
4>=333°)  for  transverse  (a,d),  radial  (b,e),  and  vertical  components  (c,f),  respectively.  Time  is 
relative  to  the  origin  time  reported  by  the  NEIC. 


recorded  motion  is  in  the  pure  state.  However,  the  formulas  given  by  Samson  [1983]  for 
the  pure  state  process  are  useful  for  the  determination  of  the  instantaneous  ellipticity  and 
polarization  orientation  of  the  ground  motion  for  any  given  time.  The  polarization  param¬ 
eters  calculated  using  these  formulas  are  consistent  with  that  using  the  method  of  Vidale 
[1986]. 

In  this  study  we  analyze  polarization  anomalies  of  surface  waves  to  investigate  the 
effects  of  Earth’s  lateral  heterogeneities  beneath  ray  paths  on  the  propagation  of  seismic 
waves  from  the  May  21,  1992  Lop  Nor  explosion.  We  use  the  newly  developed  method 
of  polarization  analysis,  retrieving  instantaneous  envelopes  and  polarization  state  vectors 
for  waves  in  the  period  range  of  10  to  80  s. 

ANALYSES 

In  the  following  we  include  a  brief  illustration  of  the  polarization  analysis  using  data 
recorded  at  four  IRIS/GSN  stations,  CHTO  (Chiang  Mai),  MAJO  (Matsushiro),  TATO 
(Taipei),  and  KEV  (Kevo),  from  the  May  21,  1992  explosion.  Figures  l(a-c)  show  the 
instantaneous  envelopes  of  ground  displacements  with  20-s  cut-off  period  at  station 
CHTO.  The  envelopes  are  given  by 


r  „  1/2 

1/2  f  „ 

[ut2  +  Qt2J  ,Qr  = 

u2  +  fl2 

,  Qz  =  [u2  +  Gz 

where  Qt(t),  flr(t),  and  uz(t)  denote  the  Hilbert  transform  of  the  transverse  (clockwise)  u,(t), 
radial  (outward)  ur(t),  and  vertical  (upward)  uz(t)  components  of  the  seismic  signals, 
respectively. 

Figure  la  shows  the  transverse  component  of  the  instantaneous  envelope.  The  Love 
waves  start  with  an  emergent  onset,  with  a  group  velocity  about  3.4  km/s.  The  Love 
wave  energy  reaches  its  maximum  with  a  group  velocity  of  3.2  km/s,  reflecting  slower 
than  average  velocity  for  continental  Love  waves.  The  Rayleigh  wave  arrival  corresponds 
to  a  relatively  sharp  onset  on  radial  and  vertical  components  (Figures  lb  and  lc)  with  a 
group  velocity  of  3.0  km/s  and  reaches  the  maximum  with  a  group  velocity  of  2.9  km/s, 
also  slower  than  average  velocity  for  continental  Rayleigh  waves.  The  Rayleigh  waves 
appear  mainly  on  vertical  and  radial  components,  with  relatively  weak  energy  on  the 
transverse  component. 

Figures  l(d-f)  show  the  envelopes  for  station  KEV,  which  have  a  relatively  sharp 
onset  of  Love  waves  on  the  transverse  component  with  a  velocity  of  3.4  km/s  and  an 
emergent  onset  of  Rayleigh  waves  with  a  velocity  between  2.9  and  3.0  km/s.  The  energy 
of  Love  waves  and  Rayleigh  waves  reach  the  maximum  with  a  velocity  of  3.2  km/s  and 
2.8  km/s,  respectively. 

In  contrast  to  the  instantaneous  envelopes  for  stations  CHTO  and  KEV,  the 
envelopes  for  stations  MAJO  and  TATO  show  quite  different  characteristics.  For  station 
MAJO,  while  the  arrivals  of  P  and  S  waves  (not  shown  in  the  figure)  can  be  clearly 
identified  on  the  envelopes  with  distinct,  isolated  pulses,  the  arrivals  of  surface  waves  are 
somewhat  ambiguous.  The  energy  on  the  vertical  component  starts  with  a  sharp  onset 
with  a  group  velocity  about  3.9  km/s  and  peaks  at  a  velocity  of  3.7  km/s;  while  on  the 
transverse  component  it  starts  with  a  group  velocity  about  4.4  km/s,  corresponding  to  the 
predicted  arrival  time  of  the  SS  wave  for  standard  earth  models.  The  multiple,  irregular 
pulses  on  the  radial  component  are  followed  by  high  amplitude  noise  for  at  least  an  hour 
(not  shown  in  the  figure),  with  the  maxima  arriving  about  every  18  minutes.  These 
pulses  appear  also  on  the  transverse  component  but  with  smaller  amplitudes.  The  pulses 
that  appear  on  all  the  three  components  with  an  onset  at  about  21  min  perhaps  were 
caused  by  sources  of  the  same  origin  as  those  later  pulses  on  radial  and  transverse  com¬ 
ponents. 
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Fig.  2.  The  instantaneous  envelopes  of  the  ground  displacements  from  the  May  21,  1992  Lop 
Nor,  China,  nuclear  explosion  for  stations  MAJO  (A=38°,  <j>=81°)  and  TATO  (A=32°,  <{>=1 11°). 


The  envelopes  of  transverse  and  radial  components  for  station  TATO  are  dominated 
by  a  large  pulse  with  a  group  velocity  of  about  3.4  km/s,  which  is  followed  by  two  broad, 
yet  distinct  pulses  commencing  every  25  minutes  (not  shown  in  the  figure).  We  would 
consider  these  pulses  are  caused  by  a  noise  source  of  unknown  origin.  It  is  interesting, 
still,  that  the  noise  appears  mainly  on  transverse  and  radial  components  for  stations 
MAJO  and  TATO. 

For  a  comparison,  in  Figure  3  we  show  the  envelopes  of  the  ground  displacement 
recorded  at  station  PAS  for  the  September  4,  1989  earthquake  in  South  of  Alaska 
(m^b-S).  The  first  pulse  of  relative  small  amplitude  on  each  component  corresponds  to 
the  S  wave.  The  Love  waves  reach  the  maximum  with  a  group  velocity  of  4.2  km/s,  typ¬ 
ical  for  oceanic  paths.  The  Rayleigh  waves  arise  sharply  on  the  vertical  component  with 
a  group  velocity  of  4.0  km/s  and  reach  the  maximum  with  a  group  velocity  of  3.7  km/s, 
typical  for  oceanic  paths. 

Figure  4  shows  the  polarization  state  vectors  [Samson,  1983]  for  station  CHTO.  rjj, 
r12,  and  r13  denote  the  transverse,  radial,  and  vertical  components  of  the  major  polariza¬ 
tion  vector  r,,  respectively;  similarly,  r2|,  r22,  and  r23  are  for  the  minor  polarization  vector 
r2.  Tj  and  r2  together  form  a  polarization  ellipse.  r31,  r32,  and  r33  are  for  the  ellipticity 
vector  r3,  which  is  the  cross  product  of  r,  and  r2. 

The  P  and  S  waves  correspond  to  pulses  of  the  state  vectors  arriving  at  5  and  10 
min  from  the  origin  time,  respectively.  The  Love  waves  start  with  an  emergent  onset  and 
reach  the  maximum  on  ru  with  a  group  velocity  of  3.7  km/s  with  weak  amplitudes  on  r2 
and  r3,  indicating  predominantly  linearized  polarization  on  the  transverse  component.  The 
Rayleigh  waves  correspond  to  a  sharp  onset  on  r31,  indicating  an  elliptical  polarization  on 
vertical  and  radial  components.  There  is  some  energy  on  r32,  demonstrating  off  great  cir¬ 
cle  propagation  of  Rayleigh  waves. 
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Fig.  3.  The  instantaneous  envelopes  of  the  ground  displacements  filtered  between  0.3  and  100 
mHz  from  the  September  4,  1989  South  of  Alaska  earthquake  (mb=6.5)  recorded  at  PAS 
(A=34°,  <|>=1 13°). 
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OBJECTIVES 

In  this  study,  we  develop  a  method  for  investigating  the  crustal  and  uppermost  mantle  velocity 
structure  beneath  three-component  seismic  stations.  The  structure  so  found  will  allow  us  to 
construct  improved  synthetic  seismograms  and  thus  determine  better  locations  and  magnitudes 
for  smaller  seismic  events. 

RESEARCH  ACCOMPLISHED 

We  have  implemented  a  grid  search  scheme  to  determine  the  crustal  and  uppermost  mantle 
velocity  structures  beneath  seismic  stations  using  teleseismic  P  waveforms.  We  use  the  vertical 
component  record  to  approximate  the  signal  arriving  at  the  base  of  the  crust  near  the  receiver. 
Then,  for  any  particular  layered  crustal  structure,  we  calculate  a  synthetic  radial-component 
waveform  using  a  second  order  approximation  which  should  be  accurate  to  within  a  few  percent 
at  teleseismic  distances.  We  then  compare  the  synthetic  radial  component  with  the  recorded 
radial  component  directly  in  the  time  domain,  using  a  linear  combination  of  LI  and  L2  error 
norms  to  measure  the  mitsfit.  To  find  the  optimum  structure  we  find  the  smallest  data  misfit  by 
performing  the  grid  search  over  a  range  of  P  velocities,  S  velocities,  and  layer  thickness  for 
structures  having  from  one  to  five  layers. 

Theoretical  Background 

Suppose  that  the  P  signal  arriving  at  the  base  of  the  crust  from  a  teleseismic  event  is  S(t),  which 
includes  both  the  source  signal  and  complexity  caused  by  near-source.  Then,  the  observed 
vertical -component  seismogram  Z(t)  and  radial-component  seismogram  H(t)  are: 

(1)  Z(0  =  z0S(r)+£ziS(/-fi) 
and 

(2)  //(f)  =  r0S(/)+£r|.S(r-O 

i 

where  z,  and  r,  are  the  appropriate  products  of  transmission  and  reflection  coefficients  from  the 
Moho  to  the  free  surface  along  the  ray  path  and  receiver  responses  Rpz,  Rpr,  Rsz,  and  Rsr  are 
vertical-  and  radial-component  receiver  responses  for  P  and  S  waves  incident  at  the  station.  The 
U  are  the  time  delays  for  reflected  and  converted  rays  in  the  crust 

We  normalize  both  the  vertical  component  Z(t)  and  the  radial  component  H(t)  to  unit  maximum 
amplitudes  and  rewrite  Eqs.(l)  and  (2)  as: 
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(3)  Z.(r)  =  5(f)*(l+yij(i-f,)) 
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and 

(4)  //.(r)  =  S(f)*(l  +  £-^(r-f,)). 
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We  then  Fourier  transform  Eqs.  (3)  and  (4),  writing  8,  (to)  as  the  transform  of  <5(f  and 
expand  to  second  order  in  z,  and  r,  to  obtain: 

(5)  Za(o»  =  S(fi»(l  +  (6))) 

i  zo 
and 
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In  the  time  domain,  these  expressions  for  the  normalized  radial  component  are: 

(7)  H„(t)  =  Z„(t)  +  y£—Zm(t  ~ t,)  (0th  order) 
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where 

r(r)  =  Xfz.(t-r,). 
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The  zero  order  approximation  is  simply  Eq,  (2)  with  normalized  amplitude  and  Z(t)  instead  of 
5(f)..  In  the  first  order  expression,  it  is  clear  that  converted  and  reflected  rays  arriving  at  the 
receiver  as  a  P  phase  do  not  contribute  to  the  response.  However,  in  the  second  order 
expression,  P  arrivals  do  have  an  effect  expressed  in  the  Y(t)  term,  although  their  contribution 
is  smaller  than  that  of  the  S  arrivals. 
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Synthetics  and  Comparisons 


Computer  implementation  of  the  above  theory  is  not  difficult,  as  explicit  formulas  for  the  r.  ,  zt , 
and  tj  are  available  (e.g.,  Helmberger,  1968;  1980).  For  this  method  to  be  valid  it  is  crucial 
that  Eqs.  (1)  and  (2)  give  correct  synthetics.  To  test  this,  we  determine  synthetics  (Figure  1) 
for  a  two- layer  crustal  model,  using  both  Eq.  (7)  as  well  as  the  reflectivity  method  of  Fuchs  and 
Miiller  (1976).  It  is  evident  in  Figure  1  that  the  waveforms  predicted  by  the  two  methods  are  in 
excellent  agreement 

To  illustrate  the  effect  on  the  synthetics  of  each  term  in  the  expansion  (Eq.  7  above),  we  use  a 
layer-over-half  space  model  (Figure  2).  While  the  difference  between  the  exact  calculation  (the 
"Real"  trace)  and  the  "0  order"  trace  is  as  much  as  15.8%  of  the  maximum  trace  amplitude,  this 
difference  is  reduced  to  only  1.5%  when  we  use  the  second  order  approximation.  For  all  our 
remaining  applications  we  used  the  second  order  approximation;  at  teleseismic  distances  this 
introduces  an  error  in  the  amplitude  that  is  no  more  than  a  few  percent  (Figure  2). 

Grid  Search  Scheme 

To  determine  crustal  structure  using  tne  grid  search  scheme,  we  allow  P  velocity,  S  velocity, 
and  layer  thickness  to  be  free  parameters,  while  assuming  a  density  corresponding  to  the  S 
velocity  as  determined  from  the  Nafe  table.  Our  present  computer  code  performs  grid  searches 
for  models  with  as  many  as  six  layers  (17  free  parameters).  To  determine  the  velocity  structure 
beneath  any  particular  station,  we  find  the  velocity  model  which  provides  the  closest  fit  to  either 
a  single  seismogram  or  (if  available)  a  suite  of  seismograms  available  for  that  station.  The 
scheme  is  fast;  on  a  SPARC  10  machine,  it  takes  one  second  to  search  about  200  four-layer 
models  and  fit  seismograms  with  800  points. 

Applications 

As  a  preliminary  test  of  this  method  we  have  determined  the  velocity  structure  beneath  several 
IRIS  and  Chinese  digital  stations.  Generally  we  begin  the  search  using  a  velocity  structure  with 
a  single  crustal  layer,  where  there  are  five  free  parameters  (Figure  3a,  model  "syn  1").  If  we 
are  fitting  data  from  only  one  seismic  event  the  program  requires  only  a  few  minutes  to  search 
over  all  reasonable  models. 

Evaluation  of  the  error  distribution  of  the  five  parameters  for  the  one-layer  model  (Figure  3b) 
gives  us  much  information  about  what  we  can  expect  to  extract  from  the  available  data,  i.e.  the 
sensitivity.  Then  we  limit  the  range  of  the  free  parameters  as  we  proceed  to  investigate  data  fits 
for  crustal  structures  with  more  layers  (Figure  3a,  models  "syn  2"  and  "syn  3",  Table  1).  For 
the  Chinese  station  LZH,  the  sensitivity  analysis  (Figure  3b)  demonstrates  clearly  that  the  data 
place  the  strongest  constraint  on  the  crustal  S  velocity,  crustal  thickness,  and  mantle  S  velocity, 
while  crustal  P  velocity  is  less  well  determined,  and  mantle  P  velocity  is  not  contrained  at  all. 
Thus,  on  the  following  searches,  we  do  not  need  to  vary  the  mantle  P  velocity,  which  we  can 
choose  to  fit  Nafe  table  and  the  corresponding  mantle  S  velocity. 

For  LZH,  the  error  reduction  is  3%  as  we  proceed  from  a  one-layer  crust  to  a  two-layer  crust, 
and  8%  as  we  proceed  from  a  two-layer  crust  to  a  three-layer  crust.  Figure  3a  demonstrates  that 
the  waveform  fit  does  improve  as  we  increase  the  number  of  crustal  layers. 

We  evaluated  the  crustal  structure  beneath  the  station  CHTO  using  data  from  nine  different 
earthquakes  (Figure  4).  By  finding  the  best-fitting  crustal  structure  using  data  from  a  suite  of 


earthquakes,  individual  waveform  peculiarities  caused  by  recording  errors  or  near-source 
structure  are  unlikely  have  any  effect  on  the  grid  search  process. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  grid  search  scheme  introduced  in  this  study  is  an  efficient,  practical  method  for  determining 
the  crustal  and  uppermost  mantle  velocity  structure  beneath  seismic  stations.  This  provides 
essential  information  about  regional  velocity  structure,  and  for  undertaking  single-station 
relocations  of  smaller  earthquakes  and  explosions.  We  plan  to  apply  this  method  to  determine 
best-fitting  layered  velocity  structures  for  numerous  stations  in  Asia,  the  Middle  East,  and 
Northern  Africa. 

A  possible  problem  is  that  the  velocity  structure  beneath  some  stations  may  not  consist  of  flat 
layers.  It  may  be  possible  to  investigate  this  by  deterining  different  structures  for  data  in 
various  azimuth  windows,  or,  by  comparing  data  with  synthetics  determined  for  dipping  or 
even  non-planar  boundaries. 
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Table  1  Models  for  stations  LZH  and  CHTO 


«.  A 

crustal  layers 
a2  P2  th2 

a3  A 

A3 

mantle 
am  A 

label 

LZH 

6.2  3.75  51 

7.7 

4.4 

syn  1 

6.3  3.6 

35 

6.4  3.85  30 

8.1 

4.5 

syn  2 

5.0  2.8 

2 

6.3  3.6  28 

6.6  3.85 

20 

7.9 

4.4 

syn  3 

CHTO 

5.6  3.0 

4 

5.3  3.2  9 

6.9  3.8 

17 

7.1 

4.0 

units  are:  km/sec  for  cq,  Pi  and  km  for  thi 
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Figure  4.  Comparison  of  vertical-  and  radial-component  observations  and  radial- 
component  synthetics  for  nine  earthquakes  recorded  at  station  CHTO.  The  synthetics  were 
calculated  using  the  best-fitting  three-layer  model  (Table  1).  The  numbers  at  the  left  of 
each  trace  are  the  year,  month  and  day  of  each  event;  the  numbers  at  the  right  of  the 
difference  trace  are  the  maximum  difference  between  observation  and  synthetic,  expressed 
as  a  fraction  of  maximum  observed  amplitude. 
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OBJECTIVE 

Broadband  records  of  regional  earthquakes  can  help  to  constrain  the  source  mechanisms 
and  crustal  structure.  The  objective  of  this  report  is  to  study  the  crustal  structure  and  source 
mechanisms  by  using  regional  earthquake  waveform  data  obtained  during  the  1991-1992  pas¬ 
sive  recording  experiment  on  the  Tibetan  Plateau  (Owens  et  al.,  1993).  The  data  also  provide 
an  opportunity  to  test  the  ability  of  determining  source  mechanisms  of  regional  events  by 
broadband  waveform  modeling  in  an  area  where  only  limited  number  of  stations  are  available 
and  the  structure  is  not  well  known. 

RESEARCH  ACCOMPLISHED 
Introduction 

The  Tibet  Plateau,  produced  by  collision  of  two  continental  plates,  India  and  Eurasia,  has 
been  a  challenge  in  Earth  science  for  a  long  time.  Several  models  of  collision  and  formation  of 
the  plateau  have  been  proposed.  But  none  of  them  can  give  a  satisfactory  explanation. 

Seismic  velocity  structure  of  the  crust  and  upper  mantle  can  provide  us  information  on 
the  present  state  deep  in  the  plateau,  which  is  crucial  to  understanding  the  process  of  plateau 
formation.  Due  to  the  difficulties  of  accessing  this  area,  previous  seismic  studies  had  to  rely  on 
the  data  recorded  at  stations  outside  the  plateau.  Most  studies  were  done  by  using  long-period 
surface  wave,  short-period  travel  time  analysis,  or  waveform  modeling  (S,  SS  etc),  see  Zhao  et 
al  (1991).  In  1991-1992,  a  passive  source  seismic  recording  experiment  was  conducted  on  the 
Tibet  Plateau  by  Sino-US  seismologists.  For  the  first  time,  11  digital  broadband  seismic  sta¬ 
tions  were  deployed  on  the  plateau  (Figure  1).  Large  amount  of  data  was  obtained  from  telese- 
ismic  and  regional  events. 

In  this  report,  we  will  use  the  data  from  several  regional  events  to  study  the  source 
mechanisms  and  the  crustal  structure.  Two  previous  velocity  models  are  examined  and  a  new 
mode]  is  formed  from  the  waveform  modeling.  We  will  also  test  the  ability  of  of  constraining 
the  source  mechanisms  of  regional  events  by  one  or  few  broadband  stations. 

Relocation  of  events  and  Pn,  Sn  velocities 

More  than  SO  regional  events  with  reasonable  signal/noise  ratio  have  been  recorded  dur¬ 
ing  the  one  year  experiment  We  selected  S  events  with  4  of  them  located  within  the  array 
(Figure  1).  Due  to  lack  of  reports  of  regional  seismic  stations  and  the  difference  of  Tibet  crust 
structure  from  standard  earth  model,  the  source  location  parameters  of  the  events  in  Tibet  give 
by  PDE  are  not  satisfactory.  Thus,  we  first  relocate  the  events  by  their  first  arrivals.  The  velo¬ 
city  model  for  relocation  is  a  two-layer  crust  model  simplified  from  previous  teleseismic 
receiver  function  study  (Zhu,  1993).  It  has  a  3  km  top  layer  with  P  velocity  4.S  km/s  and  62 
km  layer  with  P  velocity  of  6.2  km/s,  the  uppermost  mantle  velocity  is  8.1  km/s.  Since  most 
earthquakes  in  Tibet  occur  at  depths  between  5  to  20  km  (Molnar  and  Chen,  1983;  Zhao  and 
Helmberger  1991),  we  fix  the  source  depth  at  10  km.  The  relocation  results  are  listed  in  Table 
1.  It  is  shown  that  PDE  tends  to  give  later  origin  times  for  events  in  Tibet  plateau  because  the 
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crust  thickness  used  by  PDE  is  much  less  than  65  km  average  thickness  of  Tibet  crust. 


Table  1  Event  list  and  relocation  results 


Event 

PDE 

origin  time  lat.  long,  h  Mb  rms 
yr-mo-da  hr  mi  tO  °  °  km  s 

Relocation 

tO  lat.  long,  rms  AtO  Ax 
s  0  °  s  s  km 

222 

91-08-10  20  21  51.7  33.91  92.16  10  4.7  1.2 

52.1  33.92  92.28  0.9  0.4  11 

323 

91-11-19  01  04  18.0  32.48  93.59  33  4.9  3.0 

15.9  32.55  93.82  0.8  -2.1  23 

330 

91-11-26  21  15  59.9  34.07  94.25  33  4.3  2.5 

57.6  34.09  94.23  0.8  -2.3  3 

336 

91-12-02  19  45  36.6  32.09  94.69  *  4.4  4.0 

33.6  32.17  94.62  0.7  -3.0  11 

348 

91-12-14  08  20  23.8  33.98  88.84  33  5.1  5.4 

20.8  33.93  89.06  0.3  -3.0  20 

Event  222  was  recorded  by  all  the  11  stations  in  epicentral  distance  range  of  80-800  km. 
In  addition,  it  occurred  in  the  middle  of  the  north-south  station  line,  forming  a  nature  seismic 
profile.  Figure  2  is  a  record  section  of  this  event.  By  identifying  the  Pn  and  Sn  arrivals  and 
using  least-square  fitting,  we  obtain  the  following  travel  time  relations: 

Pn  *  12.39+A/8.11  (sec) 

Sn  -  23. 90+A/4.71  (sec) 

Our  8.11  km/s  and  4.71  km/s  for  P  and  S  velocities  in  uppermost  mantle  are  very  consistent 
with  previous  results  (Chen  and  Molnar,  1981)  The  average  crust  P  and  S  velocities  estimated 
from  intercept  time  are  3.46  km/s  and  6.24  km/s,  assuming  the  source  depth  of  10  km  and 
crust  thickness  of  65  km.  All  these  velocity  analyses,  combined  with  results  of  previous  work, 
provide  initial  models  for  our  next  step  involving  waveform  modeling. 

Waveform  modeling 

To  estimate  the  source  mechanisms,  we  used  a  procedure  developed  by  Zhao  and  Helm- 
berger  (1994).  It  uses  a  direct  grid  search  in  the  strike,  dip,  rake  and  source  depth  parameter 
space  for  the  minimum  LI  and  L2  norms  of  the  difference  between  waveforms  and  synthetics. 
The  method  desensitizes  the  timing  between  principal  crustal  arrivals  by  fitting  portions  of  the 
waveforms  independently,  allowing  some  time  shifts  between  the  observation  and  synthetics. 
We  find  that  introducing  one  more  parameter,  the  scalar  moment,  in  the  search  process  and 
using  the  same  moment  for  all  stations  and  components  increases  the  resolution. 

Two  previous  velocity  models  of  Tibet  plateau  have  been  examined.  Model  M45  was 
derived  from  pure  path  phase  velocity  dispersions  of  long-period  surface  wave  (Romanowicz, 
1982).  Another  model,  TIB,  was  from  waveform  modeling  of  regional  long-period  Love  wave 
(Zhao  et  al.,  1991).  Figure  3  shows  these  two  models.  Both  models  give  reasonably  good 
waveform  fits  of  the  Love  waves.  But  it  turns  out  that  TIB  yields  SmS  arrivals  that  are  too  fast 
relative  to  the  observed  SmS  (Figure  4).  M45’s  prediction  of  SmS  arrival  times  is  better  than 
TIB’s.  By  comparing  these  two  model,  we  conclude  that  TIB  has  mid-lower  crustal  velocities 
that  are  too  high.  This  conclusion  is  also  consistent  with  previous  receiver  function  study 
(Zhu,  1993). 

We  start  with  a  simple  initial  model:  a  low  velocity  top  layer  on  a  uniform  crustal  layer 
of  50  km  thick  with  a  transition  zone  above  moho.  By  adjusting  the  thickness  and  velocities  of 
each  layer,  we  try  to  model  the  observed  waveforms  of  both  Pnl  and  surface  wave.  Generally, 
the  Love  wave  provides  constraint  on  the  velocity  structure  of  upper  crust  and  Pnl,  SmS  pro¬ 
vide  constraint  on  the  lower  crust.  Our  final  model  is  given  in  Figure  3  labeled  T91:  the  top 
layer  thickness  is  3  km  with  a  S  velocity  of  2.50  km/s  and  a  P  velocity  of  4.45  km/s  followed 
by  a  50  km  main  crust  with  a  S  velocity  of  3.45  km/s  and  a  P  velocity  of  6.2  km/s.  Moho  is  at 
a  depth  of  68  km  with  a  15  km  transition  zone  above  it.  Figure  5  is  the  waveform  fit  by  this 
model  for  event  222.  For  all  5  events,  this  model  produces  good  fits  between  observations  and 
synthetics,  especially  the  SH  components.  The  obtained  source  mechanisms  are  listed  in  Table 
2.  The  two  northern  events  are  strike-slip  type.  The  other  3  are  normal  fault  type  (Figure  1). 


Table  2  Source  mechanisms  from  waveform  modeling 


ent 

whole  array 
strike  dip  rake  „  M0 

10^  dyn  cm 

depth 

km 

1 

error 

one  station  (AMDO) 
strike  dip  rake  ..  M0  depth 

10^  dyn  cm  km 

error 
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CONCLUSION  AND  RECOMMENDATIONS 

The  result  of  regional  earthquake  waveform  modeling  shows  that  the  crust  of  Tibet  pla¬ 
teau  is  roughly  vertically  uniform  and  has  a  very  low  average  velocity,  especially  the  shear 
velocity.  It  suggests  that  the  temperature  in  the  mid-lower  crust  is  high  which  might  be  caused 
by  the  concentration  of  continental  crust  materials  or  high  heat  flow  from  the  upper  mantle. 
Our  results  are  consistent  with  previous  surface  wave  and  teleseismic  receiver  function  studies. 
Two  types  of  source  mechanisms  have  been  obtained  for  S  regional  events:  strike-slip  with  one 
EW-striking  fault  plane  and  normal  fault  with  EW  T-axes.  The  source  mechanisms  and  their 
indicated  stress  states  support  the  proposed  EW  extrusion  and  extension  of  the  crust  in  the  high 
plateau  under  the  indentation  of  India  subcontinent  (Molar  and  Layon-Caen,  1989). 

To  test  the  ability  of  constraining  source  mechanism  of  regional  events  by  one  or  few 
broadband  stations,  we  select  one  station  (AMDO)  and  only  use  its  recordings  to  search  for  the 
source  mechanisms.  The  solutions  are  also  listed  in  Table  2  with  solutions  from  the  whole 
array.  The  result  is  encouraging.  Under  the  circumstance  that  we  have  good  Pnl  and  surface 
wave  recordings  and  suitable  velocity  model,  the  source  mechanisms  can  be  obtained  by  one 

•  station,  as  found  in  California  (Dreger  and  Helmberger,  1993).  We  believe  such  kind  of  test  is 
very  helpful  for  further  broadband  waveform  modeling  in  area  as  Tibet  where  only  few  stations 
are  available.  For  example,  beginning  from  1992  CDSN  has  one  more  permanent  broadband 
station  operating  at  Lhasa.  More  regional  earthquake  data  can  be  accumulated  in  recent  future. 
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Fig.  2  Recording  section  of  event  222,  dashed  lines  show  the  Pn,  Sn  and  SmS. 
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Fig.  5  Waveform  modeling  of  Event  222,  upper  traces  are  observation  and  lower  traces 
are  synthetics  with  time  shifts  in  sec  (positive  number  means  synthetic  is  shifted 
back).  Numbers  below  station  names  are  distances  in  km.  Model  used  is  T91  with 
source  at  depth  of  10  km.  Source  mechanism  from  modeling  is  strike  340,  dip  70 
rake  170  and  M0  2.0e+23  dyn  cm 


